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ABSTRACT
Surfactant based processes are emerging and becoming increasingly important 
in pollution control. A novel predispersed solvent extraction (PDSE) technique using 
surfactant based colloidal liquid aphrons (CLAs or polyaphrons) and colloidal gas 
aphrons (CGAs) for the removal of hydrophobic organic compounds (HOCs) from the 
aqueous phase was studied. The process involves an extraction of HOCs into CLAs, 
followed by a flotation using CGAs.
Polyaphrons were characterized by a particle size analyzer. The size distribution 
was found to be bimodal. The effects of surfactant types, surfactant concentrations and 
storage times on the size distribution were studied. Polyaphrons have long shelf-lives 
and are dynamically very stable when dispersed in water. Rotation of polyaphrons was 
deduced to be the result of electrostatic forces between CGAs and polyaphrons.
Semibatch PDSE experiments showed that the efficiency of a dye (Solvent Red 
27) removal depended not only on the duration of flotation but also on the retention 
time after flotation. A mathematical model for a continuous countercurrent PDSE 
process was developed and tested using experimental data. The model predicted that the 
process efficiency is a function of the flowrates of CGAs and polyaphrons relative to 
feed water flowrate, the partition coefficient of the solute, relative sizes of polyaphrons 
to CGAs, and the attachment efficiency of polyaphrons to CGAs.
The PDSE process is at the expense of residual surfactants in the effluent water. 
Therefore, batch shaker-flask experiments were conducted to study the aerobic 
biodegradation of surfactants and surfactant-laden HOCs in a wastewater collected from 
a local Superfund site. Results on four commercial surfactants showed that linear 
primary alkyl sulphates (sodium dodecyl sulfate, SDS) and linear primary alcohol 
ethoxylates (Witconol) exhibited better biodegradation potential than linear primary 
alkylbenzenesulfonates (sodium dodecylbenzenesulfonate, SDBS) and linear secondary
xi
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alcohol ethoxylates (Tergitol). Increased surfactant concentrations above the critical 
micellar concentrations (CMCs) showed inhibitory effects, lower biodegradability and 
foam degradation. A plant based natural surfactant (Ritha) performed better than 
commercial surfactants in terms of biodegradability at concentrations above CMC, but 
exhibited poorer foam degradation. Results indicated that surfactant-laden HOC effluent 
is nutrient-limiting. Addition of surfactants also enhanced the biodegradation of 
HOCs.
xii
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CHAPTER 1 
INTRODUCTION
Background
The clean-up of contaminated soil and groundwater is slow and costly using 
currently available remediation technologies. The average cost to remediate each 
Superfund site was estimated to be ten million dollars in the United States (Wilson, 
1989). At present there are 1400 Superfund sites on the U.S. EPA National Priority 
List (NPL). Among them, approximately 68% use groundwater pumping to achieve 
aquifer restoration. It was predicted that as long as 100 to 200 years of continuous 
pumping may be needed in order to lower the concentrations by a factor of 100 at ideal 
conditions for totally dissolved contaminants in a homogeneous aquifer. Groundwater 
pumping is even less effective if non-aqueous phase liquids (NAPLs) or dense non- 
aqueous phase liquids (DNAPLs) are involved (Hall, 1988; Mackay, 1988; Mackay and 
Cherry, 1989; Travis and Doty, 1990). It is therefore apparent that tremendous savings 
can be achieved through the development of more cost-effective innovative remediation 
technologies.
One of the emerging technologies is the use of surfactants to enhance soil 
washing and in situ flushing to remediate contaminated soil and groundwater. Based on 
micellar solubilization and mobilization, surfactants have been shown to be promising 
for the enhancement of conventional pump-and-treat processes (Ellis and Payne, 1985; 
Nash and Traver, 1986; Nash, 1987; Ang and Abdul, 1991). Surfactants in the form 
of microgas dispersions or colloidal gas aphrons (CGAs) for the remediation of 
contaminated soil and aquifer have been the subject of research for the past several 
years both in our laboratory and elsewhere (Longe, 1989; Roy et al., 1992a, 1992b, 
1992c; Chaphalkar, 1994).
Another novel surfactant based technique for treatment of wastewater is the use 
of polyaphrons or colloidal liquid aphrons (CLAs). Polyaphrons have an inner oil core
1
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with a double layer of surfactant outside and are of a few micrometers in diameter. The 
small size offers enormous interfacial area, thus providing good mass transfer 
(extraction) rates. The application of such predispersed solvents avoids the large 
consumption of solvent and eliminates the need of a mixer-settler stage as in a 
conventional extraction. Polyaphrons appear to have great potential for the treatment 
of wastewater containing a variety of hydrophobic organic contaminants.
These surfactant based technologies are at the expense of residual surfactant in 
the washwater or the effluent. A critical step for the successful application is the 
selection of surfactants and the subsequent treatment of surfactant-laden wastewater 
from these processes. The importance of this issue has been addressed by several 
investigators (Ellis et al., 1985; Vigon and Rubin, 1989; Fountain et al., 1991; West 
and Harwell, 1992), but no significant progress has been noted thus far.
Objectives of Present Work
This study focuses. on surfactant enhanced predispersed solvent extraction 
(PDSE), and the subsequent treatment of surfactant-laden effluent by aerobic 
biodegradation. The overall objective of this study is to set up a bench-scale experiment 
to obtain fundamental data on the PDSE process and explore its potential applications 
in remediation. The specific objectives are:
(1) To generate CLAs by different combination of surfactants.
(2) To characterize CLAs in terms of size distribution, stability and flotation
properties.
(3) To develop a mathematical model to describe the PDSE extraction / flotation
process.
(4) To obtain the bench-scale semibatch and continuous countercurrent performance
data on the removal of a hydrophobic organic dye.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(5) To fine-tune the PDSE process by treating the surfactant-laden effluent using
biodegradation.
(6) To screen commercial surfactants for surfactant based remediation use.
(7) To evaluate the biodegradability and foamability of a novel natural surfactant.
(8) To investigate the effectiveness and possible enhancement of bioremediation for
the treatment of an actual wastewater containing chlorinated and nonchlorinated 
hydrocarbons which was collected from a Superfund site.
The dissertation is set in journal style. Chapter 1 gives a brief introduction to 
the scope and objectives of this project. Chapter 2 is a literature review on surfactant 
based remediation technologies, particularly on surfactant enhanced soil washing and 
flushing, surfactant aided bioremediation, and surfactant enhanced (predispersed) 
solvent extraction. Chapter 3 deals with the size distribution, stability and flotation 
characteristics of polyaphrons. Chapters 4 presents results from semibatch and 
continuous countercurrent extraction flotation experiments and a mathematical model 
for the PDSE process. Chapter 5 discusses the results on the biodegradation of four 
synthetic surfactants which have potential applications in soil washing. Their 
foamability and biodegradability are examined. Chapter 6 presents the biodegradation 
of a plant based natural surfactant under various conditions. Chapter 7 addresses the 
enhancement of bioremedation by the amendment of surfactants and nutrients. 
Wastewater from a local Superfund site in remediation was used, which also resembles 
the PDSE effluent. The effects of surfactants on the biodegradation of HOCs and the 
potential toxic effects of organic contaminants on surfactant biodegradation were also 
investigated. Chapter 8 is a summary of the overall results, and Chapter 9 presents the 
recommendations for future research. Chapter 3 and 4 on the work of polyaphrons are 
currently published as two separate papers in Separation Science and Technology.
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CHAPTER 2
SURFACTANT BASED REMEDIATION TECHNOLOGY:
A LITERATURE REVIEW
This literature review first gives a brief overview on surfactant based 
technologies which have potential in environmental remediation. Four topics which are 
closely related to the current study are presented in more detail. They are: (1) 
Surfactant based soil washing and flushing, (2) Surfactant based predispersed solvent 
extraction, (3) Surfactant enhanced bioremediation, and (4) Surfactant induced problems 
and surfactant selection. Finally, a case study on a local Superfund site is briefly 
described.
Overview on Surfactant Based Remediation Technology
In recent years, surfactant based processes are emerging and becoming 
increasingly important in pollution control (Scamehom and Harwell, 1987). A variety 
of novel surfactant based technologies have been reported in the literature, which seem 
to have potential applications for the clean-up of contaminated aquifers, aqueous waste 
streams, and the control of air emissions (Rosen, 1987; Wasan et al., 1988; West and 
Harwell, 1992). Scamehom and Harwell (1987) categorized these techniques into 5 
groups according to surfactant aggregate structures, i.e., micelle, adsorbed surfactant 
aggregates, emulsion, foam and coacervate. Since some of them are only analytical in 
nature, for practical purposes of pollution control, only the following with recent 
applications in contaminant remediation are described.
Micellar Solubilization and Mobilization for Enhanced Soil Washing
Early surfactant washing experiments stemmed from the use of surfactant for 
secondary and tertiary oil recovery in the petroleum industry, based on the mechanism 
of reducing interfacial tension (IFT) between oil and formation particles (Texas 
Research Institute, 1979, 1985). Laboratory experiments conducted by Ellis and his 
coworkers (1985) showed that surfactant soil washing was a very promising method to
4
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5remove HOCs as well. Extensive work has been carried out since then, on both 
laboratory and field-scale experiments. Surfactant use has shown promise in the 
enhancement of soil washing with excavated contaminated soils or in situ flushing. 
Micellar Enhanced Ultrafiltration (MEUF)
The addition of surfactants at concentrations substantially above the critical 
micellar concentrations (CMCs) results in the transfer of organic molecules or 
multivalent ions into the surfactant micelles. When the solution is subjected to 
ultrafiltration, the micelles and the associated solutes are retained, while the filtrate 
contains only very low concentrations of solutes and monomer surfactant (Scamehom 
and Harwell, 1988). First proposed by Dunn and coworkers (1985), MEUF shows good 
promise as a tertiary wastewater treatment process. A recent pilot-scale system showed 
to be very effective (99.9% + rejection ratio) in metal removal (Huang et al., 1994). 
Foam Flotation
Foam flotation is one of the traditional applications of surfactant in separation 
processes. Using surfactants to produce relatively stable foam, hydrophobic solutes that 
adhere to the surface (air-liquid interface) of an air bubble are buoyed up and removed. 
Foam flotation can be divided into particulate flotation and colligend flotation, 
depending on whether the solute being removed is undissolved or dissolved material 
(Scamehom and Harwell, 1987). Based on size and mechanisms, flotation can also be 
classified as foam fractionation (for the separation of surface-active species such as 
detergents in aqueous solutions), foam flotation (for naturally surface-active organisms 
and proteins), ion flotation (for the separation of ions), micro- and ultra-flotation (for 
the separation of very fine particles), and froth flotation (for the separation of minerals) 
(Somasundaran and Ramachandran, 1988). Ore flotation is the specific example of 
particulate flotation, which is by far the most important surfactant based separation 
process with full-scale commercial application. The applications and theoretical aspects
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6of foam flotation can be found in two monographs edited by Lemlich (1972) and Clark 
and Wilson (1977).
Colloidal Gas Aphrons (CGAs)
CGAs are a collection of spherical, 25-150 fim sized gas bubbles dispersed in 
an aqueous surfactant solution with a volumetric gas fraction (quality) of at most 0.74. 
Explored by Sebba as early as in 1971, CGAs have been shown to be very useful in a 
variety of environmental applications, including flotation, enhanced soil washing and 
flushing, and in situ bioremediation (Longe, 1989). CGA flotation can be considered 
as a specific example of foam flotation, although the mechanisms involved might be 
different (Chaphalkar, 1993). Reported CGA applications included the flotation of 
algae, colloids, suspended solid (Barnett and Lin, 1981; Auten and Sebba, 1984), and 
precipitate flotation of heavy metal ions from wastewater (Gregory et al., 1980; Ciriollo 
et al, 1982; Roy et al., 1992a), separation of synthetic dyes from wastes (Sebba and 
Barnett, 1981; Kottai, 1991; Roy et al., 1992b) and removal of pentachlophenol (PCP) 
from aqueous solutions (Chaphalkar et al., 1994). CGA enhanced soil washing and 
flushing were reported to have advantages over conventional surfactant washing in that 
CGAs are able to overcome emulsion problems, preferential flow and higher pressure 
build-up. A third application of CGAs is to deliver nutrients and air into the subsurface 
for in situ bioremediation (Michelsen et al., 1984).
Colloidal Liquid Aphrons (CLAs) or Polyaphrons
CLAs consist of micron-sized oil droplets encapsulated in an aqueous soapy 
shell. High concentrations of CLAs (e.g., up to 96% dispersed in 4% of aqueous phase) 
have been termed polyaphrons by Sebba (1987). CLAs differ from a conventional 
emulsion in that an emulsion is a two-liquid phase dispersion, while CLAs are three- 
liquid phase dispersions (Sebba, 1987). Energy barrier for coalescence to stabilize an 
emulsion is a monomolecular layer of an emulsifying agent. In contrast, the energy
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barrier to coalesce in CLAs is a thin aqueous soapy film with increased hydrogen 
bonding, which is significantly different from the bulk water (Sebba, 1987). Menger 
et al. (1991) estimated the film was about l-pm  thick. They also reported that the 
aqueous film of polyaphrons can be disintegrated into water droplets upon exposure to 
n-hexanol, thereby a polyaphron was transferred into a thermodynamically stable water- 
in-oil microemulsion (Menger et al., 1991).
Several applications of polyaphrons were reported by Sebba (1987). The primary 
use is in predispersed solvent extraction (PDSE). PDSE process involves 
precomminuting solvent into polyaphrons which are used to scavenge solutes from the 
aqueous phase. The dispersed solvent is then separated by flotation using microgas 
dispersions (CGAs). PDSE differs from conventional solvent extraction in that 
equilibrium in PDSE exists between each aphron and the solution immediately 
surrounding it. PDSE also differs from solvent sublation in that organic solvents in the 
forms of polyaphrons contact the entire aqueous phase, hence dissolution of organic 
solvents and residual surfactants are likely in the effluent (Valsaraj, 1995).
Emulsion Based Absorption for Emission Control
Lindenberger (1987) reported the use of an oil-in-water emulsion to scrub 
volatile organic (VOCs) from exhaust air of an automatic spray painting process. The 
process included the absorption of VOCs into solvent phase, pH adjustment to break 
emulsion and reformation of emulsion by readjusting the pH. Details can be found in 
the U.S. patents by Lindenberger and coworkers (1983a, 1983b, 1986).
Surfactant Enhanced Soil / Groundwater Remediation
Pump-and-treat (PAT) is by far the most common technology for the remediation 
of contaminated aquifers. By using surfactants, conventional PAT can be enhanced by 
solubilizing and mobilizing contaminants of low aqueous solubilities and high IFTs. 
Solubilization due to micelle formation results in significant increase in aqueous
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8solubility of hydrophobic contaminants. Solubility of trichloroethylene (TCE) and 
tetrachloroethylene (PCE), for example, are about 980 and 19600 mg/L, and 200 and 
175000 mg/L in water and pseudo-micellar phase, respectively. Gannon et al. (1989) 
reported that surfactant sodium dodecyl sulfate (SDS) was able to increase the 
solubilities of p-dichlorobenzene (DCB), naphthalene and biphenyl by a factor of 20 to 
100. Mobilization of NAPLs, the second mechanism of surfactant enhancement, 
depends on the tendency of surfactants to lower IFTs (West and Harwell, 1992). This 
is the mechanism on which surfactant enhanced oil recovery is based.
Solubilization potential is dependent on surfactant type, concentration, 
hydrophile / lipophile balance (HLB) and structure (Shinoda, 1967; Satio and Shinoda, 
1967). For a given surfactant, solubility is usually linear with surfactant concentration 
above CMCs, which can be described as:
■  c0 *  -  cm
where C0 is the aqueous solubility in mol/L. Ka is the solubilizing capacity, defined as 
the number of solubilized moles of organic compounds per mole of micellized 
surfactant (Rosen, 1989).
Mobilization by surfactants can be described by two forces acting on residual 
oil drop, i.e., viscous forces of the displacing fluid being the driving force to mobilize 
the residual oil, and capillary forces being the resistant forces to entrap the residual oil. 
Using the ratio of viscous forces to capillary forces, a dimensionless capillary number 
can be expressed as (Ling et al., 1988):
where n, v, tf> and y  are fluid viscosity (dyne s / cm2), cross-sectional flow rate of the 
water (cm/s), soil porosity and IFT (dyne/cm) between oil and water, respectively. Oil
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9displacement efficiency increases with increase in the capillary number (/VJ. It was 
reported that a reduction of over 4 orders of magnitude can be reached through the use 
of surfactants. IFT of 20-30 dyne/cm was reduced to 10'3 or lO"4 dyne/cm (Fountain et 
al., 1990; Peters, 1992).
A number of laboratory and field experiments showed the enhanced efficiency 
for the clean-up of contaminated soils (Nash, 1987; Vigon and Rubin, 1989; Ang and 
Abdul, 1991; EPA, 1993b). Early work initiated by Ellis et al. (1985) reported the 
use of nonionic surfactant for washing petroleum hydrocarbons, PCBs and chlorinated 
phenol from soil. Wilson and coworkers recently have done extensive research on 
surfactant washing and in situ flushing, especially on pilot-scale soil washing with air 
stripping, surfactant and solvent recovery, and mathematical modeling on solubilization 
and flushing process. By using microgas dispersions of surfactant solutions (i.e., 
CGAs), greater efficiency than conventional surfactant solutions have been 
demonstrated. Major findings on the effectiveness of surfactant enhancement in soil 
washing are tabulated in Table 2.1, and several conclusions can be made from studies 
to date. (1) The efficiency generally decreased as the scale-up from batch / column 
experiments to field experiments, there is still a lack of prevailing evidence from field 
experiments; (2) Few studies addressed the entire soil washing process, there is a 
need to study the reuse of surfactants and treatability of surfactant-laden soil washing 
effluent; (3) The selections of surfactants were usually very arbitrary; (4) Little 
attention has been paid on the fate of surfactant in soil and subsurface environment 
(e.g., adsorption, precipitation, displacement, etc.), which might be a critical issue for 
the cost-effective use of surfactant in remediation.
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Table 2.1 Reported Efficiency of Surfactant Enhanced Soil Washing and Flushing
References / Efficiency and Experimental Setup:
Texas Research Institute (1979, 1985): 70% gasoline from soil; 80% (1-D), 70% 
(2-D), 60% (3-D) in a large scale aquifer with nonionic-anionic mixture.
Ellis et al. (1985): 86% Murban crude-oil fraction, 68% PCBs and 64% PCP in a 
batch and column study with 1:1 blends of 1.5% nonionic-ionic surfactant 
mixture.
Nash and Travert (1986); Nash (1987): 90% (batch), 80% (column) and 50% 
(field) for aromatic and chlorinated hydrocarbon; failure in in situ study due 
to clogging.
Rickabaugh et al. (1986): 59% chlorinated hydrocarbons in a lab study with 
pesticide contaminated soil using nonionic-ionic and cationic mixture.
Vigon and Rubin (1989): 90% anthracene and biphenyl with 10% nonionic 
surfactant.
Longe (1989): 88% (CGA) and 10% (surfactant) for residual organics in column 
experiments.
Ang and Abdul (1991): at least twice as effective as water, 55% — 73% ATF 
removal over 25.5% (water) in column experiment with alcohol ethoxylate.
Clarke et al. (1991, 1993): 99% biphenyl, 98% toluene and 99.7% PCBs in clay 
soil pilot scale with surfactant (2.5% SDS) reuse.
Roy et al.( 1992c): no difference between CGAs and surfactants because 2,4-D is 
highly soluble, but surfactant consumption and pressure drops decreased.
US EPA (1993b): 65-73% for total recoverable petroleum hydrocarbon (TRPH) at 
a refinery site contaminated with crude oil in a field scale experiment using 
excavated soil.
Roy et al. (1994a, 1994b): 56% (CGAs), 47% (surfactant) and 43% (water) for 
hazardous oily waste; 50% (CGAs), 42% (surfactant) and 20% (water) for 
automatic transmission fluid (ATF) in column experiments.
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Surfactant Enhanced Solvent Extraction (PDSE)
Conventional Solvent Extraction
In water and wastewater treatment, the removal and/or recovery of dilute, less 
biodegradable or even toxic organics still remains a challenging problem today. Solvent 
extraction appears to be appropriate for such water and wastewater treatment. As a 
well-established unit operation in the chemical industry (Lo et al., 1988), solvent 
extraction is becoming increasingly important as a treatment method for certain types 
of industrial wastewaters (EPA, 1980). Solvent extraction has been used for the removal 
of product losses from acetic acid manufacturing wastewater, toxic metals from metal 
finishing wastewater and trace levels of pesticide from commercial 2,4-D and bromacil 
manufacturing operations (EPA, 1978, 1980, 1985). Solvent extraction has also been 
utilized to separate oil-contaminated solid wastes (EPA, 1980). According to a recent 
report from EPA on innovative treatment technologies, solvent extraction was identified 
as one of the most generic technologies in the United States (Berkowitz and Farkas, 
1992).
Conventional solvent extraction has some advantages over other treatment 
alternatives for certain contaminants of environmental significance. It is favored over 
stream stripping when the contaminants are less volatile than water. It is also favored 
over biological methods when less or non-biodegradable and/or toxic organics are 
concerned (EPA, 1980). However, there are two profound disadvantages: (1) large 
volume ratio of extracting solvents to the contaminated wastewater, which makes 
extraction too expensive to be practical, unless recovery of a marketable chemical is 
possible; (2) requirement of a mixing-settler stage, which is very energy consuming. 
Such drawbacks limit its widespread applications to the clean-up of wastes. Therefore, 
processes that can address these drawbacks are necessary to make extraction technology
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more attractive for the removal of such (less volatile, highly toxic, less biodegradable, 
and highly hydrophobic) contaminants over other alternatives.
Predisnersed Solvent Extraction (PDSE)
PDSE is a new solvent extraction procedure proposed by Sebba (1972), which 
incorporates two novel technologies, i.e., CGAs and CLAs (Fig. 2.1). Combined uses 
of CGAs and CLAs overcome the common drawbacks of the conventional solvent 
extraction technique by greatly reducing the ratio of extracting solvent to feed 
wastewater hence the consumption of solvent, and also e lim inating the need of mixing- 
settler stage.
Although there is a solid theoretical base for the PDSE process, only a few 
qualitative lab-scale experiments are available. Sebba (1987) reported the removal of 
very fine oil droplets in wastewater from a tar-sand extraction plant and the recovery 
of limonene by using nitrobenzene as a solvent. PDSE has also been shown successful 
in the removal of metals. Using polyaphrons made with a 10% solution of liquid ion 
exchanger, LIX-64N (an a-hydroxyoxime) in kerosene and a cationic CGA, copper was 
very effectively extracted and was undetectable in the raffinate (Aggarwal et al., 1986). 
The anionic form of uranium (uranyl acetate) had been concentrated using polyaphrons 
made up of 10% dodecylamine in kerosene and a cationic surfactant 
dodecyltrimethylammonium chloride, with flotation by anionic CGAs made by SDBS. 
Uranium in the form of anionic uranyl-sulphato complex had also been extracted using 
polyaphrons made of tributyl phosphate dissolved in kerosene (Beyer et al., 1986). 
Chromate, at a concentration of lOppm, had been floated using an amine as a collector.
Quantitative results are scarce on the performance of PDSE for the removal of 
contaminants of environmental significance. Michelsen (1986) tested a variety of oil 
core aphron formulations using decane as a solvent to remove o-dichlorobenzene (DCB) 
from wastewater in a batch flotation cone apparatus. Extraction - flotation using
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Figure 2.1 Schematic of Predispersed Solvent Extraction (PDSE)
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polyaphrons was demonstrated to be 5 to 10 times more effective in removing DCB 
from water than with identical tests using a similar quantity of a straight solvent. PDSE 
lowered the solvent/feed ratio (less than 1/500) and markedly increased the extraction 
rates, while CGA flotation enhanced recovery of solvents. Save et al. (1994) reported 
bench scale column studies of the extraction of Cu from aqueous acidic solutions using 
kerosene polyaphrons, and observed that PDSE was far superior to conventional spray 
extraction columns. For the same value of the percent solute extracted, the spray 
column required 300% higher solvent flowrate. PDSE was observed to enhance mass 
transfer and also reduce the solvent consumption.
Both theory and available experimental results suggest the vast potential of 
PDSE in the application of wastewater treatment, and the need to undertake a 
fundamental research on the PDSE process, including a knowledge of interactions 
between CGAs and CLAs, mathematical modeling and bench-scale performance data. 
Surfactant Enhanced Bioremediation of HOCs
A number of researchers have investigated the effects of surfactants on the 
biodegradation of HOCs. Their work has largely been motivated by the idea that 
biodegradation of HOCs can be enhanced using surfactants. The work is of significance 
since most HOCs of environmental interest are characterized by their long half-lives for 
biodegradation (Howard et al., 1991). Second, the treatment of effluent wastewater 
from surfactant washing processes is important, since the treatability is vital for the 
implementation of current soil washing / flushing technology.
Enhanced biodegradation of HOCs by surfactants can be achieved in two ways. 
First, surfactants can change the behaviors (e.g., solubilization, dissolution, desorption 
from soil, emulsification and reduction in interfacial tension) of HOCs, thus making 
HOCs more bioavailable. Second, surfactants can affect microorganisms to favor the 
biodegradation of HOCs. The effects on bacteria include the increased hydrophobicity
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of cell membrane, facilitated transport of the organic substance into microbial cell, 
increased enzymatic activity of bacteria, and reduced lag phase (Reese and Maguire, 
1969; Tadros, 1984; Oberbremer et al., 1990; van Hoof and Roger, 1992; Marchesi 
et al., 1994; Provident et al., 1995). However, such beneficial enhancement would not 
be overwhelmingly achieved in many cases, since surfactants may also pose negative 
effects on biological system. It is therefore not surprising that positive, negative or no 
effects of surfactants on HOC biodegradation have been reported in the literature (Liu 
et al., 1995).
There are variations on surfactant toxicities observed by different investigators, 
possibly due to different concentrations used, and conflicting views on the 
bioavailability of micellized HOCs. Results from Liu et al. (1995) indicated that the test 
surfactants were not toxic even above the CMCs and micellized naphthalene were 
bioavailable. Roch and Alexander (1995) reported that there were no relationships 
between toxicity and surfactant concentrations below or above CMCs; several 
surfactants were found to be toxic even below the CMC. They also indicated that 
biphenyl trapped within micelles was not less available than biphenyl in the aqueous 
solution. Arostein et al. (1991) reported mixed results on the effects of nonionic 
surfactants on the desorption of aromatic compounds, depending on the organic contents 
of soils, surfactant type and concentration and type of contaminants. Later, their results 
showed that the addition of 10 ng/mL nonionic surfactant enhanced the rate and extent 
of phenanthrene mineralization, and the extent but not the initial rate of biphenyl 
mineralization. The same surfactant at a higher concentration of 100 /ig/mL resulted 
in a lower enhancement (Arostein and Alexander, 1993). They suggested that low 
concentration of surfactant may promote mineralization of sorbed aromatic compounds 
in soils and may be useful for in situ bioremediation of sites contaminated with HOCs. 
Laha and Luthy (1991, 1992) showed that addition of surfactant was not beneficial and
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even inhibitory to the mineralization of phenanthrene. The inhibition was a reversible 
physiological interaction between surfactant micelles and bacteria, possibly through 
partial complexing or release of membrane material without disrupting membrane 
lamellar structure. Bury and Miller (1993) reported that solubilization of hydrocarbon 
(HC) (n-decane and n-tetradecane) greatly enhanced the rates of HC degradation 
compared with the bulk liquid HC in the absence of surfactants. Micellar solubilization 
reduced the times required for cell density to double during exponential growth by a 
factor of —5 compared to results obtained for surfactant-free experiments. Volkering et 
al. (1995) further indicated that surfactant not only increased the solubility of HOCs but 
also increased the dissolution rate of crystalline naphthalene and phenanthrene. 
Surfactant concentration as high as 10 g/L was still not toxic. However, they indicated 
that contaminants in the micellar phase were not readily bioavailable. Tiehm (1994) 
showed that the effects on HOC biodegradation were different between nonionic and 
anionic surfactants. He reported that anionic SDS inhibited the PAH degradation 
because SDS could serve as the preferred substrate. Also the hydrolytic cleavage of 
SDS led to the transient products of n-dodecanol and released other products of 
hydrolysis (HS04‘), hence a pH reduction. While nonionic surfactants enhanced the 
degradation of fluorene, phenanthrene, anthracene, fluoranthene and pyrene, their 
toxicities increased with the hydrophicity of contaminants. Overbremer et al. (1990) 
studied the effect of a biosurfactant (sophorose lipids) and indicated that the presence 
of biosurfactant shortened the bacterial adaption phase and increased the extent of 
degradation of HC. The biosurfactant increased the final biomass, and the 
hydrophobization of the cell envelope also emulsified HC through extracellular 
biosurfactants.
Current studies in this area focus on the effects of surfactants on biodegradation 
of a single contaminant. There is no reported studies on the effects of surfactant on
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actual wastes with multiple contaminants because of the complexity involved. However, 
existing results on bioremediation enhancement with the use of a surfactant is 
encouraging. Clearly, surfactant bioenhancement is feasible in remediation once we 
have a better insight into the interactions between surfactant, HOCs and 
microorganisms.
Surfactant Induced Problems and Selection
Surfactant Induced Problems
While surfactants exhibit one or more surface-active properties which are 
necessary for the enhancement in remediation, the residual surfactant in the subsurface 
and the presence of surfactant in the process effluent may present serious problems. 
One has to consider the following disadvantages: (1) Surfactants may exhibit potential 
toxicity to microorganisms and hence inhibit in situ biodegradation. Cationic surfactants 
are toxic in the mg/L range to a wide variety of aquifer organisms. (2) Foaming could 
severely affect the above-ground ultimate treatment (e.g., air stripping) of the wash 
effluent. (3) Residual surfactants bring additional pollutant loadings in the subsurface 
contaminated zone, hence the natural degradation is of concern for this technology to 
be viable. (4) Cost considerations may necessitate the reuse and recycle of surfactant 
to ensure cost-effective applications (Shiu et al., 1995). (5) Excessive reduction of IFTs 
may contaminate underlying aquifers if DNAPLs are involved because DNAPLs have 
the potential for downward movement. (6) Clogging of soil pores by the formation of 
stable emulsions and biofouling by surfactant-degrading microorganisms would 
significantly reduce flow through the contaminated soils. (7) Emulsions can inhibit or 
enhance solubilization (Fountain et al., 1990). Nearly all surfactants that are good 
solubilizers also form spontaneous emulsions. (8) Surfactant loss due to sorption, 
precipitation and coacervation (the formation of a separate surfactant-rich aqueous 
phase) reduces the active concentration of surfactants.
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Surfactant Selection
Optimum surfactant formulations (type and dosage) are critical for the success 
of remediation. Fountain et al. (1991) attributed the failure of most field experiments 
to the inappropriate selection of surfactants. West and Harwell (1992) also indicated 
that choosing surfactants incompatible with contaminated medium may result in the 
failure when using surfactant for enhanced pump-and-treat remediation. Vigon and 
Rubin (1989) pointed to the need for the establishment of criteria for the logical 
selection of the surfactant type and dose. Selection of the most appropriate surfactant 
at a particular site depends on an understanding of the physical-chemical interactions 
among the surfactants, contaminants, soil and water. Fountain et al. (1992) indicated 
that optimum surfactant selection could not be determined from existing data, nor could 
any single parameter (surfactant type, hydrophile/lipophile balance HLB, CMC, IFT, 
solubility or emulsion stability) be used to predict the performance. Vigon and Rubin 
(1989) screened surfactants based on groundwater fluid properties (specific gravity, 
viscosity), CMC, HLB, solubilization efficiency and partition coefficients. They also 
indicated that each parameter was useful but each by itself is inadequate. Depending on 
target contaminants and soil conditions at a specific site, experiments are usually needed 
before using soil washing and in situ flushing applications. Based on CMC, colloid 
dispersion, detergency, soil washing and biodegradation, Abdul (1990) found a group 
of alcohol ethoxylate surfactants to be the most effective in washing automatic 
transmission fluid (ATF) from a sandy soil. Considering other factors such as 
adsorption and biodegradation, a nonionic alcohol ethoxylate surfactant was selected as 
the most promising for removing oils and HOCs from sandy soils. In contrast, Peters 
et al. (1992) screened 22 surfactants and found that anionic surfactants resulted in the 
greatest degree of diesel mobilization.
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An ideal surfactant or surfactant mixture in soil remediation should exhibit the 
greatest solubility potential without excessive reduction of IFTs (Fountain et al., 1990), 
minimum problems resulting from surfactants, such as emulsion, foaming, toxicity. 
From a cost-effective point of view, the selected surfactants should also have the 
minimum loss within the medium due to adsorption and precipitation. Surfactants 
should also be biodegradable for further above-ground treatment or ease of reuse.
It is obvious that no single surfactant can meet all the requirements, and 
compromise always has to be made for a specific application. Some researchers 
therefore suggested simultaneous use of several surfactants. For instance, nonionics are 
usually good solubilizers when mixed with anionic surfactants. Others are developing 
novel surfactants, including microbial surfactants or biosurfactants (Oberbremer et al., 
1990; Providenti et al., 1995), plant-based surfactants (Kommalapati, 1995), edible 
food-grade surfactants (Shiau et al., 1995), and acid-sensitive chemo-cleavable 
surfactants (Ono et al., 1995). Moreover, surfactants in remediation can be used in 
forms other than aqueous solutions, such as microgas dispersions or colloidal gas 
aphrons (CGAs).
A Case Study - The Petro Processors Superfund Site
The Petro Processors Inc. (PPI) Superfund site is located in the East Baton 
Rouge Parish, LA. It is one of the 1217 sites (1989) cited by the EPA National Priority 
List (NPL). A Remedial Design and Construction Plan (RDCP) was approved by the 
US EPA and the State early in 1987. This original remedy involved excavation, 
solidification and encapsulation of solid wastes in an engineered waste disposal facility. 
Due to toxic volatile emissions during the waste handing process, the initial RDCP 
failed, and a Supplemental Remedial Action Plan (SRAP) was proposed. The SRAP 
proposed filling and covering the site with a clay cap, and installing of a system of 
wells as pan of a hydraulic containment / recovery facility. The main aim of this
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
pumping scheme was to recover the free phase liquids and contaminated pore fluid 
while protecting nearby waters.
However, hydraulic recovery systems lose efficiency with time for a number of 
reasons (Acar et al., 1995). Preliminary reports estimated that remediation by hydraulic 
containment / recovery may take at least 200 years (Jacobs, 1989). It is therefore 
necessary to implement new techniques that can mobilize DNAPLs into the mobile pore 
water to facilitate removal by advection. The use of surfactants is aimed to enhance the 
recovery, since surfactants will desorb the hydrophobic species from soil, solubilize 
HOCs and make them amenable to advection.
It is also one of the purposes of the present study to obtain results for the 
current PPI project "In Situ Soil Washing Using Surfactants and CGAs to Enhance 
Pump-and-Treat Remediation". Results of the following are given herein: (1) potential 
use of PDSE process for the treatment of PPI wastewater, (2) screening of commercial 
surfactants and development of novel natural surfactant for the PPI site use, and (3) 
bioremediation and its potential enhancement as an intermediate method to reduce 
surfactants after soil washing (pumping) and before air stripping-activated carbon 
processes which are currently in place at the site.
Summary
Surfactants, due to their unique surface active properties, have been shown to 
be of potential in soil and groundwater remediation. Through an extensive literature 
review, the following conclusions can be drawn for the scope of this study.
Surfactant Enhanced Soil Washing and In Situ Rushing: There has been 
extensive research in the past decade. Lab studies have shown great promise of 
surfactants in enhancing conventional pump-and-treat, but few pilot or in situ 
experiments were highly successful. Future experiments should be directed to scale-up
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
effects and more toward field studies, addressing the entire process including surfactant 
reuse and effluent treatability.
Surfactant Enhanced Bioremediation: This is a concept proposed by several 
investigators recently, but no conclusive evidence or field data are available to strongly 
support this idea. Laboratory experiments on the effects of surfactant on individual 
contaminants showed conflicting results. There is a need for further studies of the 
feasibility of surfactant amendments for the enhancement of bioremediation at field 
conditions with multiple contaminants. Fundamental data are needed on the interactions 
between surfactants, contaminants and microorganisms.
Surfactant Enhanced Solvent Extraction (PDSE): PDSE appears to have potential 
as a competitive unit process in industrial and municipal wastewater treatment. To 
evaluate feasibility and applicability, bench-scale experiments need to be undertaken so 
that performance data and process parameters can be obtained. A two-stage process 
(PDSE followed by biodegradation) for the treatment of PPI site wastewater has been 
proposed and needs to be investigated.
Surfactant Screening and Selection: A key step in the surfactant based 
remediation is to screen surfactants for the cost-effective implementation at a specific 
site. However, data available on commercial surfactants are inadequate and research is 
still needed to develop a protocol for selecting optimal surfactant formulation in any in 
situ treatment schemes.
This study addresses some of the aforementioned problems encountered in 
surfactant enhanced remediation technologies. We explore the applicability of PDSE 
process in wastewater treatment, the treatability of surfactant-laden HOCs by a 
bioremediation process, and the screening of surfactants for specific site use.
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CHAPTER 3
SIZE DISTRIBUTION, STABILITY AND FLOTATION OF POLYAPHRONS*
Predispersed solvent extraction (PDSE) is a promising technique for the 
treatment of wastewater containing low solubility, hydrophobic co n tam inants. The key 
properties of polyaphrons for their use in PDSE process include size, stability and 
flotation characteristics. A stable predispersed organic solvent in the form of 
polyaphrons of very small diameter results in high surface areas with a minimum 
energy requirement for mass transfer of solutes from the aqueous phase to the organic 
solvent. PDSE should greatly improve the performance of a conventional extraction 
process. The purpose of this Chapter is to characterize size distribution, stability and 
flotation properties of polyaphrons generated by different combination of surfactants.
Polyaphrons were generated using different cationic, anionic and nonionic 
surfactants in water and an oil-soluble nonionic surfactant. Kerosene was used as the 
organic solvent to form the polyaphrons. Size distributions were obtained using a 
particle size analyzer. The optimal instrument parameters (sample quantity, optical 
parameters, run time, etc.) were identified for these measurements. The size 
distribution based on volume fraction was found to be bimodal, with peak size maxima 
between 1-3 and 10-30 fim for all the polyaphrons. The effects o f different surfactant 
types, surfactant concentrations, and storage times on the size distribution spectrum of 
polyaphrons were studied. The size distribution of different polyaphrons before and 
after flotation in an aqueous column using colloidal gas aphrons (CGAs) was also 
studied. Flotation was deduced to occur as a result of the electrostatic forces between 
CGAs and polyaphrons.
* Reprinted with permission of Separation Science and Technology, vol 31 (8), pp. 
1059-1074, 1996, courtesy of Marcel Dekker, Inc.
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Introduction
The use of polyaphrons or colloidal liquid aphrons (CLAs) for solvent extraction 
was first proposed by Sebba (1985). The separation process was termed predispersed 
solvent extraction (PDSE). The process involves precomminuting organic solvent into 
polyaphrons, which are used to scavenge solutes from the aqueous phase. The 
dispersed solvent is then separated by flotation using micro gas dispersions called 
colloidal gas aphrons (CGAs). The most striking feature of this technique as compared 
to a conventional solvent extraction is that the organic solvent can be predispersed in 
water in the form of polyaphrons. Therefore the need for a conventional mixer-settler 
stage is avoided. A large energy savings is accomplished by comminuting only one 
phase (the organic solvent) instead of both water and organic solvent. Moreover, the 
small sizes of the predispersed solvent affords high surface areas per unit solvent 
volume for solute transfer from the aqueous to the organic solvent phase, and high 
efficiencies can be realized using a very small volume of the organic solvent. The 
potential applications of PDSE for dilute solutions separations in wastewater treatment 
are obvious. In industrial wastewater treatment, the high ratio of organic solvent 
volume to water volume required for satisfactory removals is a disadvantage for 
conventional solvent extraction. PDSE eliminates this drawback and should be favored 
for many compounds that are less volatile than water for which steam stripping or 
activated carbon are the current methods. When nonbiodegradable and/or toxic organic 
contaminants are concerned, PDSE may be a viable alternative.
Some preliminary data have shown that PDSE can remove very fine oil droplets 
from wastewater (Sebba, 1987) and some metals (Aggarwal, 1986; Beyer et al., 1986; 
Save et al., 1994). Michelsen and coworkers tested the removal of an organic 
compound (o-dichlorobenzene) from water using decane as the solvent in a batch mode
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using PDSE (Michelsen et al., 1988) and showed that it was about 5 to 10 times more 
effective than straight solvent extraction using a similar quantity of the solvent. PDSE 
markedly lowered the solvent to feed ratio (1:500) and increased the rates of extraction.
The structure of an individual polyaphron was proposed by Sebba (1987), a 
schematic of which is provided in Fig. 3.1c. It is similar to a gas aphron (Fig. 3.1b), 
where the gas inside is replaced with an organic solvent and the outer surface is made 
up of a thin soapy shell. Both are quite different from a conventional air bubble (Fig. 
3.1a). Polyaphrons, when dispersed in water, exhibits colloidal properties. The 
properties of polyaphrons have been reviewed by Sebba (1987). The size of 
polyaphrons is a key property as far as their use in PDSE. In theory, a decrease in size 
will improve the extraction, but in practice, difficulties in separating the residual solvent 
will arise, and one will have to resort to subsequent flotation using air bubbles. The 
reported sizes of polyaphrons vary widely with ranges of submicrons to 100 microns 
or more. According to Sebba (1987), a size of 10 fim was observed if the organic 
solvent contained about 1 % of a nonionic polyoxyethylene surfactant that has three 
ethoxy groups per molecule, while the size was much smaller if the number of ethoxy 
groups was nine. With lauric acid as the surfactant, the aphron reached a diameter of 
80 jtm. Michelsen et al. (1988) reported sizes of polyaphrons ranging from 10 to 20 
fim in diameter.
It is important to note that all of the size measurements reported so far are based 
on microscopic examinations of polyaphron samples in a static mode placed inside a 
hollow slide. Obviously this technique is not always appropriate for size determination 
of polyaphrons in a dynamic environment such as existing in an extraction column 
where nonuniform size distribution patterns will exist in the aqueous phase. The
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shortcomings of the microscopic method in such a case can be overcome by using a 
particle size analyzer. This utilizes the phenomenon of low angle forward scattered light 
from a laser beam projected through a stream of particles. The amount and direction 
of light scattered by the particles is measured by an optical array detector and analyzed 
by a microcomputer, which calculates the size distribution of particles in a sample 
stream that is in a dynamic environment. The particle size analyzer has been used 
successfully previously in our laboratory to measure the size and stability of 
microdispersed gas bubbles (CGAs) (Chaphalkar et al., 1993). Though similar in 
structure, the polyaphrons exhibit different static or dynamic characteristics than CGAs.
This is the first work on the use of polyaphrons in a continuous countercurrent 
PDSE for the removal of several trace hydrophobic organics from wastewater. This 
Chapter reports the size distribution patterns of polyaphrons obtained from different 
water-soluble surfactant types (anionic, cationic, and nonionic), surfactant 
concentrations, and storage times. The subsequent steps after introduction of 
polyaphrons in the aqueous phase involve flotation using CGAs. Hence a study of the 
effects of flotation on the size distribution of polyaphrons as a basis for future designs 
and applications is also undertaken.
Experimental 
Solvents and Surfactants
Kerosene (Curtin Matheson Scientific) was chosen as the organic solvent since 
it is inexpensive and has been previously investigated as a possible solvent for 
extraction of several organic compounds as part of an EPA project (Barbari and King, 
1982). In order to make polyaphrons, two types of surfactants, one oil-soluble (Tergitol 
15-S-3 supplied by Sigma Chemical Co.) and four water soluble surfactants were used. 
The properties of the four water-soluble surfactants [sodium dodecylbenzene sulfonate 
(SDBS), hexadecyltrimethyl ammonium bromide (HTAB), polyoxyethylene 23 lauryl
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ether (Brij 35) and polyoxyethylene sorbitan monooleate (Tween 80)] supplied by Sigma 
Chemical Co. are given in Table 3.1.
Preparation of Polyaphrons
The procedure employed was a modification of the one proposed by Sebba 
(1972). First, a magnetic stirrer was used to attain a constant rate of mixing of an 
aqueous phase containing 4 g/L of the water soluble surfactant to produce a stable 
foam. To 5 mL of this foaming solution, 95 mL of kerosene containing 0.6% of 
Tergitol 15-S-3 was added slowly to obtain 100 mL of polyaphrons. The relative 
volumes of the organic solvent and water used were chosen so that the phase volume 
ratio, PVR (volume of the dispersed phase to the total volume), was 19, which was 
reported to be ideal for the production of a stable polyaphron sample (Sebba, 1987). 
The rate of kerosene addition was slow to begin with, and progressively increased. 
Slow addition is very important since the environment of the aphrons that have already 
formed should remain aqueous. Otherwise, the aphrons will congeal and no longer offer 
an interface for spreading, lowering the quality of the polyaphrons. The polyaphrons 
thus made were remarkably stable if stored properly. The gel-like polyaphrons made 
using SDBS (in water)/ Tergitol (in kerosene) remain unchanged, and no visible amount 
of kerosene was released even after 16 months of storage. A sample of the polyaphron 
was placed on a slide for a microscopic examination using Olympus System Microscope 
Model BHS with Olympus Photomicrographic System Model PM-10AD. Figure 3.2 is 
an example of the structure seen under these circumstances at a low PVR. The shapes 
were uniformly spherical, although some displayed a polyhedral shape. The core of one 
aphron filled with oil remains separated from another one by a thin film of water as 
distinct oil droplets dispersed in a very small amount of continuous water phase. At 
high PVR we observed that the polyaphrons were nonspherical in shape with some 
distinct small droplets around each aphron. This was concluded to be due to free
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Table 3.1 Properties of Surfactants Used for Polyaphron Generation
Surfactant Acronym
Molecular
weight
CMC
(mM) Charge
Water-soluble:
Sodium dodecylbenzene- 
sulfonate SDBS 348.5 1.5 Anionic
Hexadecyltrimethyl- 
ammonium bromide HTAB 364.5 0.9 Cationic
Polyoxyethylene 23 
lauryl ether Brij 35 -1200 0.06 Nonionic
Polyoxyethylene 
sorbitan monooleate Tween 80 -1300 0.01 Nonionic
Oil-soluble:
Polyoxyethylene- 
secondary alcohol Tergitol 15-S-3 336 N/A Nonionic
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Figure 3.2 The Structure of an Assemblage of Polyaphrons Generated from SDBS 
in Water and Tergitol 15-S-3 in Kerosene
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kerosene that was not encapsulated by the soapy film It was observed that upon 
dilution with water the individual polyaphrons first separated and dispersed in the 
continuous phase (water), but reassembled to form a tight structure. This behavior is 
akin to crystallization via nucleation and has been discussed by Sebba (1987). 
Measurements of Size Distribution
The size measurements were conducted using a Microtrac Model 9210 Particle 
Size Analyzer (Leeds and Nothrup Inc.) with a standard range of 0.7 to 704 pm. 
Polyaphrons were diluted with distilled deionized water and added directly into a 
mixing chamber called a small volume recirculator (SVR). The SVR mixes the sample 
with recirculating water (approximately 275 mL) so that a stream of well dispersed 
particles is pumped continuously through a transparent sample cell for analysis. Each 
sample was subject to measurements at intervals of 2 minutes, providing size 
distribution versus time data. For each measurement the instrument will give a 
summary of statistical data. Other instrumental parameters were optimized and are 
described below.
The Microtrac software required four additional parameters to be defined 
(transparent, spherical, particle refractive index, and carrier refractive index value) 
before any sample run was initiated. Different settings of these parameters will 
influence the size distribution data since the mathematical treatment is based on these 
parameters in order to make optical compensation. Among these parameters the 
particle refractive index was set at 1.5 for all measurements. The carrier refractive 
index was set at 1.33 since water was used. For the selection of the other two 
parameters, a series of measurements were conducted on different polyaphron samples. 
We ascertained that the setting NO was appropriate for the "transparent" category, 
whereas at a setting of YES for this category a loss of distribution tail at the fine end 
was observed. The appropriate selection for the "spherical" category was YES.
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Flotation of polyaphrons
Flotation was carried out in a batch mode using a 1 m tall column with internal 
diameter of 0.08 m. The total aqueous phase volume used was 2.5 L. A 5 minute 
pulse of diluted polyaphrons (made from HTAB, SDBS, or Tween 80 as the water 
soluble surfactant) at a flow rate of 10 mL min'1 was introduced at the bottom of the 
column. A 5 minute pulse of CGAs produced from SDBS was also introduced at the 
bottom of the column at a flow rate of 40 mL/min. Samples (50 mL) of the aqueous 
phase were collected from the bottom of the column at different times after flotation 
and analyzed for the size distribution of polyaphrons using the particle size analyzer. 
The experiments were repeated four times under identical conditions and the average 
results are presented.
Results and Discussion
One of the parameters of importance that the particle size analyzer responds to 
is a dimensionless parameter called DV. This value is proportional to the amount of 
sample used. The relationship is linear up to a certain value of DV, and care should 
be taken to make sure that the size determinations are made in this range. The original 
polyaphron sample was diluted 1:25 with distilled water, and 1 to 10 mL of the sample 
was used in the particle size analyzer. Precise measurements of sample quantity was not 
necessary within this range. If too little sample was used (DV <  0.01) the system’s 
noise was so high that no statistically significant data were obtained. The size 
distribution in the above range of sample volumes showed no effects on the sample 
volume itself.
In a previous study from our laboratory, DV was used as a parameter to 
determine the stability of CGA suspensions (Chaphalkar et al., 1993). We observed a 
significant decrease in DV with time at high surfactant concentrations. The CGA bubble 
volume was observed to decrease to one-third of the original volume in 6 minutes when
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HTAB was used as the surfactant, and 12 minutes when SDBS was the surfactant in the 
CGAs. The decrease in volume was considered to be due to the disappearance of 
extremely small bubbles due to their high Laplace pressure, and/or the disappearance 
of extremely large bubbles by buoyant forces. For polyaphrons dispersed in water, a 
change in DV with time was found to be insignificant for both ionic and nonionic 
surfactants. Figure 3.3 is a representative plot for polyaphrons generated from two 
water-soluble ionic (SDBS and HTAB) and two nonionic (Tween 80 and Brij 35) 
surfactants. This clearly indicates that polyaphrons dispersed in water are dynamically 
very stable. For polyaphrons produced from Brij 35 there was an initial sharp increase 
in DV which remained constant at 0.6 thereafter. The value of DV was largest for 
polyaphrons from Brij 35 and lowest for SDBS. The value was intermediate for HTAB 
and Tween 80. However, all of the polyaphrons studied had a stable DV for the 
duration of the measurements.
At the appropriate parameter settings discussed above, a bimodal distribution 
was observed for all the samples tested. One peak maximum was observed between 1 
to 3 ^m, while another was observed between 10 to 30 fim. Figure 3.4 shows the size 
distributions for the different types of polyaphrons generated in our laboratory. The 
measurements were made 55 days after preparation of the aphrons. Table 3.2 lists the 
average diameter and the standard deviation for the four types of polyaphrons. The 
maximum at the lower end of the spectrum appears to show no variation between the 
polyaphrons. However, for the other peak in the size distribution, larger values were 
observed for the ones made from Brij 35. The average size (Peak 2) of polyaphrons 
generated using the anionic surfactant SDBS was the smallest while that generated from 
the nonionic surfactant Brij 35 was the largest. Thus the nature of a water-soluble 
surfactant does affect the size of the polyaphrons that can be realized. The polyaphrons 
generated using the nonionic surfactant T.ween 80 and the cationic surfactant HTAB
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Table 3.2 Average and Standard Error in Sizes for Different Polyaphrons1
Type of polyaphrons Peak 1 Peak 2
(water-soluble surfactant) fljvgitf davg± a
SDBS 2.9±0.9 12.4±5.3
HTAB 2.7±1.0 14.6±6.4
Brij 35 2.6±1.0 17.0±6.8
Tween 80 2.7±1.0 14.0±4.8
J Size in microns. The average and standard deviations calculated from percent 
volume fraction data. All size measurements were made 55 days after preparation of 
the polyaphrons.
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gave sizes in between those of the other two. A large fraction of polyaphrons in every 
case appeared to be in the range between 10 and 30 /xm. For both nonionic surfactants 
(Tween 80 and Brij 35) a higher volume fraction of aphrons was in the upper range of 
diameters. The average diameters observed for the polyaphrons are similar to those for 
conventional microemulsions of kerosene in water reported by others (Klassen and 
Mokrousov, 1983); the essential differences lie in the remarkable stability of 
polyaphrons, their negligible creaming rates, and the ease with which they can be 
produced. A conventional emulsion can be considered to be a two-liquid phase 
dispersion, whereas the aphrons are three-liquid phase dispersions (Sebba, 1987).
Figure 3.5 shows the effects of storage time on the sizes of polyaphrons 
generated using SDBS. The size distributions were measured after 70 and 230 days of 
shelf storage of the polyaphrons. Although the smaller polyaphrons (1.5 to 4 /xm) 
observed in the 70 day sample appeared to have decreased in number, the majority of 
the aphrons are within the 10 to 30 /xm range after 230 days storage. The maximum in 
peak size moved from 11 /xm in the upper range to 18 /xm. The remarkable 
stability of these polyaphrons is evident from this measurement. There appeared to be 
an oil floating at the top of the sample after prolonged storage in an open bottle when 
HTAB was used as the water-soluble surfactant. This is due to slow creaming of the 
polyaphron, which, of course, occurs at a negligible rate when compared to ordinary 
emulsions. This was of no consequence since upon shaking the sample the oil phase 
disappeared and the aphron size was not affected at all in subsequent measurements. 
The polyaphron made using SDBS as the water-soluble surfactant was also tested for 
stability with respect to temperature. The sample was frozen in the laboratory 
refrigerator, and upon thawing almost all of the kerosene was released. This should 
be expected since freezing of water in the encapsulating soapy shell around the oil 
droplet will destroy the integrity of the shell and the polyaphron structure can be
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Figure 3.5 The Effects of Storage Time on Polyaphrons Generated Using SDBS as 
the Water-Soluble Surfactant and Tergitol 15-S-3 in Kerosene
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expected to break down. The addition o f a melting point lowering substance in water 
would be required if the polyaphrons are to be utilized for low temperature applications. 
The density of the polyaphron made from SDBS in the aqueous phase at ambient 
temperature (298 K) was estimated to be 0.82 g mL1 which was in between that of 
water and kerosene (0.79 g mL'1).
Figure 3.6 shows the effect of different concentrations (0.25 to 8 g L'1 in 
water) of water-soluble surfactant (SDBS) used in generating polyaphrons on the size 
distribution patterns. It shows a decrease in the mean bubble size and a broader 
distribution pattern at higher surfactant concentrations. This is in agreement with the 
fact that there is an inverse relationship between the surface area and the radius of the 
aphrons. If, for example, V mL of oil were to be converted into N polyaphrons each 
of radius r, then the total area per aphron is given by 3V7r. The total quantity of 
water-soluble surfactant needed will depend on the total available surface area of all the 
aphrons, and hence when the radius is made smaller, the surfactant concentration in 
water has to be increased proportionally. It was also observed that polyaphrons made 
at the low surfactant concentration (0.25 g L 1) were not quite stable, since a lot of 
kerosene was released from the aphron within a month of storage. This clearly 
indicates the role of the water-soluble surfactant concentration in stabilizing the 
polyaphrons. Polyaphrons are not stable when made using an insufficient amount of 
water-soluble surfactant.
The introduction of polyaphrons in the water column for extraction of toxic 
organics invariably results in the presence of organic solvents. Since, as noted earlier, 
the polyaphrons are less dense than water, they should be expected to rise to the water 
surface under the influence of gravity. However, their rise velocity in the water column 
is very small due to their minute size. For example, a 2-fim polyaphron is expected 
to have a rise velocity of only 0.655 cm h '1, and would therefore take 3.2 days to rise
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pe
rc
en
t 
vo
lu
m
e
39
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0
0 10 20 30 40 50 60
Diameter (microns)
Figure 3.6 The Effects of SDBS Concentration in Water on Polyaphron Generated 
from It
— 0. 25 g.l'1 SDBS in water 
A 1.0 g.l'1 SDBS in water 
- a — 4.0 g.l'1 SDBS in water 
—O— 8.0 g.l'1 SDBS in water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
40
through a 0.5-m aqueous column. This poses a secondary pollution problem that 
necessitates a subsequent treatment process. The method proposed involves flotation 
of the polyaphrons using CGAs that have higher rise velocities due to their larger size 
range (30 to 150 /xm) (Chaphalkar et al., 1993). CGAs are suitable since they can be 
created with the appropriate surface charges to attach to polyaphrons through 
Coulombic forces, thereby aiding buoyancy. Any residual surfactant is also floated in 
the process and removed as foam at the top of the aqueous phase. In considering 
applications for the extraction of organics (Chapter 4), we investigated the effects of 
flotation on the size distribution of polyaphrons in the aqueous phase.
Figure 3.7 shows the results of flotation of polyaphrons made from HTAB as 
the water-soluble surfactant using CGAs made from SDBS. The size distribution of 
polyaphrons at different hold-up times after the flotation step are presented. The 
majority of polyaphrons were in the size range 10 to 30 /tin before flotation with a very 
small fraction in the range 1 to 10 /xm. Ten minutes after flotation the size distribution 
was observed to move toward smaller aphrons with a distinct bimodal distribution; a 
large fraction now falls in the range 6 to 18 /xm. With more and more hold-up time 
the distribution moves progressively toward smaller aphrons, indicating that more and 
more of the larger aphrons are being removed from the aqueous phase. After 2 hours 
of hold-up time the size distribution is a bimodal one with an equal fraction in the 
ranges 1 to 4 /xm and 6 to 12 /xm. Thus the final distribution is dominated by small 
aphrons. Flotation using CGAs provides a method of clarifying the aqueous phase after 
PDSE.
Figure 3.8 compares the size distribution before and after flotation of different 
polyaphrons using a single type of CGA. The flotation conditions were identical in 
each case and the measurements were taken 10 minutes after flotation. The CGA was 
made from the anionic surfactant SDBS. As outlined earlier, the polyaphrons were
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Figure 3.7 The Size Distribution Change with Time after Flotation for Polyaphrons 
Generated from HTAB as the Water-Soluble Surfactant
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prepared using the oil-soluble surfactant Tergitol 15-S-3 in kerosene, whereas three 
different water-soluble surfactants were used (SDBS, HTAB, and Tween 80). It is 
clear that polyaphrons generated from neutral and anionic surfactants are not affected 
by CGA flotation. Only the cationic polyaphron (HTAB) was effectively removed by 
the anionic CGAs. Flotation occurs by the conventional mechanism of physical 
interception of the smaller colligend species (polyaphrons) by the large collector species 
(CGAs). Furthermore, it is apparent that the mechanism of removal of polyaphrons 
involves a Coulombic force between the oppositely charged collector (CGAs) and 
colligend (polyaphrons) species as is evident from Fig 3.8(c). Thus, if the polyaphron 
is made using a cationic surfactant for the soapy film encapsulating the oil core, then 
the CGA should be made using an oppositely charged (anionic) surfactant. If the 
concentration of surfactant for preparing the CGA is carefully chosen so that the 
stoichiometry is taken into account, then the foam formation at the top of the aqueous 
column can be eliminated as well.
Conclusions
The polyaphrons studied showed a bimodal size distribution. They were in the 
range 1 to 3 and 10 to 30 fim in diameter. Polyaphrons generated using the nonionic 
Brij 35 in water showed the largest average diameter while those generated from the 
anionic SDBS had the smallest average diameter. Increasing the surfactant 
concentration of the water-soluble surfactant led to smaller polyaphrons being 
generated, but had a broader size distribution pattern. The polyaphrons were observed 
to show no distinct deterioration in quality even after storage for 230 days in a 
quiescent environment. The polyaphrons dispersed in water were removed from the 
aqueous phase by flotation using CGAs; the mechanism of removal was one of 
Coulombic attraction between the collector (CGAs) and the colligend (polyaphrons).
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CHAPTER 4
SEMIBATCH AND CONTINUOUS COUNTERCURRENT EXTRACTION / 
FLOTATION OF A HYDROPHOBIC ORGANIC DYE FROM WATER*
Solvent extraction using polyaphrons can provide enhanced mass transfer 
(extraction) of solute through larger interfacial areas of micron-sized predispersed 
solvent. Increased rise velocity is needed for subsequent phase separation (flotation) of 
dispersed polyaphrons through attachment onto micron-sized gas dispersions called 
colloidal gas aphrons (CGAs). The purposes of this Chapter are to develop a 
mathematical model to describe the PDSE extraction/flotation process, and to obtain the 
bench-scale semibatch and continuous countercurrent performance data on the removal 
of a hydrophobic organic dye.
PDSE experiments were conducted in both semibatch and continuous 
countercurrent modes to remove a hydrophobic organic dye (Solvent Red 27) from 
water into kerosene. Sodium dodecylbenzenesulfonate (SDBS) was used as the water- 
soluble surfactant and Tergitol-15-S-3 as the kerosene-soluble surfactant to form 
polyaphrons. The CGAs were prepared using hexadecyltrimethyl ammonium bromide 
(HTAB) in water. Results from batch experiments showed that the efficiency of dye 
removal depended not only on the duration of flotation but also on the retention time 
after flotation. Longer retention times increased the process efficiency, indicating 
gradual removal of the smaller polyaphrons. In the continuous countercurrent mode, 
the mathematical model predicts that the process efficiency is a function of the flowrates 
of CGA and polyaphrons relative to feed water flow rate, the partition coefficient of the 
solute, relative sizes of polyaphrons to CGAs and the attachment efficiency of 
polyaphrons to CGAs. Experimental results in the continuous countercurrent mode are 
tested against the proposed model.
* Reprinted with permission of Separation Science and Technology, vol 31(10), pp. 
1463-1482, 1996, courtesy of Marcel Dekker, Inc.
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Introduction
In a recent article, solvent extraction was identified as an applicable technology 
for Superfund site remediation (Berkowitz and Farkas, 1992). When a broad class of 
less volatile, toxic and/or hydrophobic organic compounds with large equilibrium 
distribution coefficients are considered for removal from the aqueous phase, solvent 
extraction is an attractive method as compared to steam stripping, activated carbon, or 
even biological treatment. The major problems which limit the wide application of 
conventional solvent extraction are twofold: 1) the requirement of an expensive and 
energy consuming mixer-settler, and 2 ) the high solvent consumption due to a large 
volume ratio of the extracting solvent to contaminated water, which requires a 
secondary treatment process.
Recent advances have improved upon the conventional process of solvent 
extraction. Predispersed solvent extraction (PDSE), first proposed by Sebba (1972), 
is one such innovation. This process involves precomminuting organic solvent into 
micron-sized polyaphrons, which are used to extract solutes from the aqueous phase. 
The dispersed solvent is then separated by flotation using microgas dispersions called 
colloidal gas aphrons (CGAs). The advantage of this process is that polyaphrons can 
be uniformly dispersed with a minimum of energy input, and thus the solvent/aqueous 
phase interfacial area for mass transfer can be maximized. The principles and 
applications of this separation process for waste treatment have not been fully explored, 
although a few lab-scale experiments have been reported. These include oil recovery 
from tar sands and oil removal from drilling mud during oil exploration (Sebba, 1987), 
recovery of metals from wastewater (Beyer at al., 1986; Aggarwal, 1986), and recovery 
of ethanol from a fermentation broth (Wallis et al., 1985). Michelsen and coworkers 
(Michelson et al., 1988) tested the removal of an organic compound (o- 
dichlorobenzene) from water using decane as the solvent in a PDSE process conducted
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in a small lab-scale batch mode and showed that it was about 5 to 10 times more 
effective than straight solvent extraction using a similar quantity of solvent. More 
recently, Save et al. (1994) reported bench-scale column studies of the extraction of Cu 
from aqueous acidic solutions using kerosene polyaphrons, and observed that PDSE is 
far superior to conventional spray columns. For the same value of the percent solute 
extracted, the spray column required a 300% larger solvent flow rate. PDSE was 
observed to enhance mass transfer and also reduce the solvent consumption.
In Chapter 3, the size distribution and flotation of different polyaphrons were 
discussed as a prelude to use in laboratory- and pilot-scale demonstrations of PDSE for 
removing hydrophobic organic compounds from wastewaters (Zhang et al., 1996a). To 
test the feasibility and performance of PDSE for large-scale applications, experiments 
were performed on both batch and continuous countercurrent experiments in laboratory 
pilot-scale setups. In this Chapter, the theory and a mathematical model for this 
separation process are presented. The experimental data obtained on the removal of a 
hydrophobic dye (Solvent Red 27) into kerosene polyaphrons are tested using the 
proposed model.
Experimental
Kerosene was chosen as the organic solvent for producing polyaphrons. It has 
been suggested as a potentially useful solvent for extraction of a variety of chlorinated 
organics from a wastewater stream due to highly favorable partition constants and low 
costs associated with its disposal (Barbari and King, 1982). Kerosene (Curtin Matheson 
Scientific, Inc.) polyaphrons were generated using the procedure described in detail in 
Chapter 3. An oil soluble surfactant (Tergitol 15-S-3 supplied by Sigma Chemical Co.) 
was used in kerosene, and a water soluble surfactant (sodium dodecylbenzenesulfonate, 
SDBS, manufactured by Aldrich Chemical Co.) was used in the production of 
polyaphrons with a phase volume ratio (PVR) of 19 (Zhang et al., 1996a). The CGA
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dispersion was prepared using hexadecyl trimethyl ammonium bromide (HTAB 
manufactured by Sigma Chemical Co.) ( 100 mg L'1) as the surfactant in the aqueous 
phase using a generator originally described by Chaphalkar (1994). The choice of the 
type of polyaphron and CGA dispersion was dictated by work described in Chapter 3.
An oil (kerosene) soluble dye (Solvent Red 27) was chosen as a surrogate to test 
the performance of PDSE for the removal of a hydrophobic organic compound. The 
dye was used because of the ease of analysis and ability to visually follow the extraction 
and flotation process in progress. The dye was supplied by Aldrich Chemical Company. 
The dye had two peak maxima in its absorption spectrum (359 and 518 nm). The 
absorption spectrum of the dye dissolved in methanolic water or kerosene showed little 
or no variation in peak maxima. Figure 4.1 shows the structure and molecular formula 
of the dye.
PDSE experiments were conducted in an apparatus designed for both batch and 
continuous countercurrent modes of operation as shown in Fig. 4.2. The glass column 
had dimensions of 8 cm ID and 100 cm height, with provision for solvent overflow at 
the top. In the batch mode of operation, 3500 mL of aqueous solution containing the 
dye was placed in the column. The initial concentration of the dye in the aqueous 
phase was 0.5 ppm. A given volume (10 mL) of diluted polyaphrons was introduced 
into the column. The CGA dispersion was pumped into the base of the column from the 
generator using a peristaltic pump (Cole Parmer Inc.) at a flow rate of 19.5 ± 2.5 
mL/min for 1, 5, and 10 minutes of flotation time. Thus both CGA and polyaphron 
were introduced as pulse inputs, and samples were taken at different retention times 
after flotation. As retention time increased a thin layer of solvent phase appeared at the 
top of the aqueous phase, increasing with time. Theoretically, the analysis of either 
phase would give identical extraction efficiency results, however, since the volume of
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Figure 4.
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Common name: Solvent Red - 27 (Oil Red)
Chemical name: l-((4-xylylazo)xylyl)azo)-2-naphthol 
Formula weight: 408.5 
Melting point: 120°C
1 Structure and Properties of the Hydrophobic Organic Dye, Solvent 
Red 27
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the solvent phase was very small, only the aqueous phase sample was considered for 
analysis to calculate extraction efficiency.
The continuous countercurrent operation is possible because the kerosene 
droplets attached to gas aphrons move upward readily through the descending aqueous 
phase. Both CGA dispersion and diluted polyaphrons were pumped continuously into 
the base of the column with the polyaphron inlet 10 cm above the CGA inlet. The total 
CGA dispersion flow rate varied from 11 to 51 mL/min, while the flow rate of the 
aqueous portion of the CGA dispersion excluding the air phase varied from 6.3 to 21.7 
mL/min. In other words, the quality of the CGA dispersion, / ,  varied from 0.34 to 
0.67. The quality factor (/) was determined by a drainage test as described by 
Chaphalkar (1994). The original polyaphron suspension prepared was diluted either 1:1 
or 1:3 (v/v) before being fed into the column. The total flow rate of the diluted 
polyaphron suspension ranged from 1 to 2.3 mL/min, which is equivalent to a solvent 
flow rate of approximately 0.5 mL/min. Feed solution containing the dye was 
continuously pumped at either 25 or 50 mL/min and introduced through a distributor 
at the top of the column just below the solvent/water interface. The flow rate of the 
solvent layer in the overflow was approximately 0.10 to 0.34 mL/min. The effluent 
was sampled periodically and analyzed for the dye concentration. For the analysis of 
the dye, 100 mL of the aqueous phase was sequentially extracted into three 5 mL of 
kerosene and the kerosene phase combined.
The concentrated sample of kerosene was analyzed for Solvent Red 27 on an HP 
8542A diode array spectrophotometer with an HP 89531 and MS-DOS UV/VIS 
Operating software. A calibration curve was prepared for the dye in kerosene. In 
addition to the dye concentrations, the aqueous phase was also analyzed for the residual 
concentration of the anionic water-soluble surfactant SDBS used in preparing the 
polyaphrons. This was done using Standard Method 5540 (APHA/AWWA/WEF, 1992).
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Results and Discussion
The process of PDSE involves two steps: (1) solute mass transfer (extraction) 
from the aqueous phase to the organic solvent phase of the polyaphron, and (2 ) 
attachment of the polyaphrons to CGAs and subsequent flotation of the oil core 
polyaphron by CGAs.
Mass Transfer Mechanism in PDSE
The rate of solute mass transfer from the aqueous to the solvent phase is given 
by na = k ^ A C ,  where is the solute mass transfer coefficient (cm/s), a is area of 
a polyaphron in the aqueous phase (cm2) and AC is the concentration driving force for 
mass transfer (mol/cm3). Save et al. (1994) indicated that the enhanced mass transfer 
rate in PDSE was due to the greater interfacial area of stable micron-sized polyaphrons. 
The interfacial area provided by polyaphrons is enormous. For example, 1 L of 
kerosene polyaphrons of PVR 19, of average diameter 10 pm, would have a total 
oil/water interfacial area of 570 m2. The mass transfer coefficient can, however, be 
effectively reduced owing to the resistance afforded by the soapy shell of the 
polyaphron when compared to kerosene droplets without a soapy shell. However, 
results so far have shown that this additional resistance has minimal impact on mass 
transfer rate and is overwhelmed by the positive effects of the vastly increased 
interfacial area (Wallis et al., 1985). This is due to the small concentration of a 
surfactant necessary to stabilize the film at the oil/water interface of a polyaphron. At 
these low concentrations, the surfactant is oriented parallel to the surface, with the total 
area occupied by the surfactant being very small. Thus the film encapsulating the 
polyaphron is largely water, and hence the diffusion of the solute across the shell is not 
hindered.
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CGA-Assisted Flotation of Polyaphrons
The advantage of high interfacial area created by small diameter polyaphrons is, 
however, offset by their lowered rise velocities of polyaphrons. Their rise velocity is 
enhanced by flotation using CGAs, an essential step in the PDSE process. Based on 
earlier experiments reported in Chapter 3 on flotation of polyaphrons using various 
types of CGAs (anionic, cationic, and nonionic surfactants), it was deduced that the 
major mechanism of flotation is the Coulombic attraction between the polyaphron and 
the CGA (Zhang et al., 1996a). The maximum number of polyaphrons that a CGA can 
attach is proportional to the available surface area of a CGA. Based on geometry we 
can deduce that this number is given by
n = 3.8
\2
(4.1)
Assuming Stoke’s law, for the rise velocity of a single polyaphron and a single CGA, 
and using Eg. (4.1) along with a force balance on a polyaphron-loaded CGA, we can 
obtain the following equation for its rise velocity:
V =
8g[l -
P j
30.4g
I
1 -  - L i  
P
P£
W,
R2r (4.2)
\j 3 (R + 2 rfCD
where CD =  24!Re is the drag coefficient. Utilizing the expression for Re =  2 V 
(R+2r)/v and assuming that pt < pw , we have the following equation for the rise 
velocity of a single CGA with n polyaphrons attached to it:
V =
f
2 + 7.6 f P 1 - r
\ I P« J R / g R 2 (4.3)
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The above equation states that the rise velocity is related to the ratio (r/R) of the radius 
of the polyaphron to that of a CGA. For a CGA of diameter 100 fim that attracts a 
number of polyaphrons of average diameter 10 fim, the rise velocity is 0.5 cm/s, 
whereas that of the single polyaphron is 0.0011 cm/s. Thus the residence time of a 
polyaphron in the presence of an oppositely charged CGA is decreased by a factor of 
454. Figure 4.3, obtained using Eq. (4.3), gives the rise velocity of a single CGA 
when it is attached to polyaphrons of different diameters. These values encompass the 
range of diameters of CGA and polyaphrons used in the present experiments. With 
increasing diameter of the CGA, the rise velocity of the CGA/polyaphron complex is 
also increased. However, for a given CGA size the rise velocity of the 
CGA/polyaphron complex is only minimally effected by the different sizes of 
polyaphrons attached to it.
Batch Experiments
Figure 4.4 illustrates the results of the batch experiments. For the batch process 
a constant volume of the aqueous phase is treated with a short duration pulse of 
polyaphrons and CGA. Results of three different experiments are shown for different 
durations of flotation, namely, 1, 5, and 10 minutes. Following flotation, the aqueous 
phase was sampled after different retention times of 15 minutes to 100 hours. Figure 
4.4 shows that higher process efficiencies were observed for the 5 and 10 minutes 
flotation times than for the 1 minute flotation time during the first one hour of retention 
time following flotation, as shown in the inset in Fig.4.4. Increasing the flow rate of 
CGAs will decrease the residence time of the polyaphron/CGA complex and hence will 
improve the removal rate. Increasing the flotation time will also increase the removal 
from the aqueous phase. Once the flotation process is terminated, further separation 
occurs by the free rise of polyaphrons unassisted by CGAs. Because of the slow rise 
velocities of polyaphrons, extended retention times are required in this phase of the
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process. Retention times beyond 1 hour had significant effects on the percent removal 
as shown in Fig. 4.4. The ultimate dye removal after several hours of retention time 
approached 100% since the concentration of dye is below the detection limit. Based on 
earlier work (Zhang et al., 1996a), the recovery efficiency can be explained as follows. 
In Chapter 3, we reported that the average size distribution of polyaphrons changed 
from 30 fim before flotation to 10 /an after flotation and 10 minutes of retention time 
and to 5 /an after 2 hours of retention time. We attributed this to the very slow rise 
velocities of the smaller polyaphrons, whereas large aphrons are efficiently removed by 
flotation. The amount of total solvent recovered at the top of the aqueous column even 
after these long retention times ranged from 58 to 63%. The solvent recovery showed 
no dependance on the duration of flotation, but showed an increase with retention time. 
The generally small solvent recovery can be attributed to the adhesion of some portion 
of the 4.6 mL of kerosene in the form of charged polyaphrons to the walls of the 
extraction column. We can summarize these observations on the dye removal in the 
batch process by stating that the retention time played an important part in addition to 
the duration of flotation. However, long retention times such as used in these 
experiments are unrealistic in practical applications. More rapid and efficient methods 
of recovering residual solvent in the form of smaller polyaphrons from the aqueous 
phase have to be considered for implementation.
The ultimate percent of dye removal (~  100%) should be contrasted with the 
maximum theoretical extraction efficiency of 75% calculated for a single-stage process 
using the measured partition constant of 1310 for the dye between kerosene and water. 
The efficiency in the batch PDSE is dependant not only on the duration of flotation but 
also on the number of residual polyaphrons buoyed up to the surface of the aqueous 
phase during the retention stage. In a conventional batch extraction process using a 
straight solvent, the transfer of solute from water to the organic solvent will cease as
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soon as equilibrium is established between the two phases. However, in a batch PDSE 
process, due to the short contact time, equilibrium is established only between the 
polyaphron and the water immediately surrounding it. With each polyaphron leaving 
the aqueous phase, the concentration of solute in water decreases and the succession of 
polyaphrons that come after each one continually adjusts to a new equilibrium state and 
removes more of the solute species from the aqueous phase. Thus the process is rate 
controlled, dependant on the number of polyaphrons that leave the aqueous phase during 
the retention stage, and the solute removal can be virtually complete. The conventional 
extraction process requires intense mixing of the solvent and water in a mixer vessel 
followed by an extended retention time for phase separation. On the other hand, the 
batch PDSE process requires only a gentle flow of the predispersed solvent 
(polyaphrons) in a column reactor and phase separation can be achieved faster. In large- 
scale processes the benefits in terms of energy savings and capital equipment may be 
considerable in a PDSE process.
The residual anionic surfactant (SDBS) in the aqueous phase resulting from the 
polyaphrons introduced into the column was measured after flotation. Two sets of 
results are presented (Fig. 4.5), one in which the concentration of HTAB for CGA 
production was 100 ppm in water and another one for which the concentration was 500 
ppm in water. For the former case, a 5-minute flotation time showed a lower residual 
SDBS than that for a 1-minute flotation time. When the CGAs were generated with 
higher HTAB concentration, the effect of flotation time was not significant. We 
conclude that the residual SDBS in the aqueous phase can be controlled by the type of 
surfactant used to produce the CGAs. This is expected since we have demonstrated 
earlier that the flotation process is one in which Coulombic forces between oppositely 
charged polyaphrons and CGA play the dominant role in separation (Zhang et al., 
1996a).
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Continuous Countercurrent Experiments
In these experiments, the water containing dye was in continuous countercurrent 
contact with both the CGA dispersion flow and the diluted polyaphron flow. The 
solvent layer formed at the top of the aqueous phase continuously overflowed along 
with some water resulting from the foam at the top. A simplified model for the 
continuous countercurrent PDSE process will be derived first to ascertain the 
parameters that affect the process efficiency. Let us assume that the aqueous phase is 
completely mixed. The flow rate of feedwater and the dimensions of the column are 
assumed such that the residence time of the aqueous influent exceeds the time needed 
for solute equilibrium partition between the solvent and water. Also, assume that the 
attachment of polyaphrons to a CGA is instantaneous, and that the solvent introduced 
in the form of polyaphrons is recovered in the overflow at the top of the aqueous 
section. Let us finally assume that solute diffusion from the overlying organic solvent 
layer to the aqueous phase is negligible. We can then write the following mass balance 
for the contaminant in the aqueous phase as illustrated in Fig. 4.6: (Mass accumulated 
in the aqueous phase) =  (Mass in the aqueous influent) - (Mass in the aqueous effluent) 
- (Mass in the overflow organic solvent) - (Mass in the aqueous phase of the foam 
overflow). This gives
The concentration of the solute in a polyaphron (solvent) is controlled by the mass 
transfer of solute between the aqueous phase and the polyaphron through the following 
equation:
VJ ^  = Q ft  - Q f  ~ <?A ~ QfC (4.4)
(4.5)
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where Cs is the concentration of the solute (mol cm-3) in the solvent (polyaphron), 
(C - C )  is the concentration gradient (mol cm'3) and kv is the mass transfer 
coefAcient(cm/s), and a is the surface area per unit volume of a polyaphron (cm2 cm3). 
The equilibrium concentration C  is given by C* =  Cs / KqW. Hence we have
where ot = a Kw / ATow and 0 = a K». Assuming that the value of C does not change 
appreciably during the rise time (r) of a single polyaphron that is attached to a CGA, 
we can arrive at the following equation for the concentration of solute in a polyaphron 
(i.e., the concentration in the solvent) by integrating the above equation to yield:
The approximation used above for integrating the equation has been used successfully 
for modelling bubble aeration and solvent sublation in glass columns, activated carbon 
adsorption columns, and solvent extraction columns (Clark and Wilson, 1983). For a 
typical case of a 100-^m CGA collecting a 10-/*m radius polyaphron, the velocity of 
rise is 0.5 cm/s from Fig. 4.3. In a 100 cm tall aqueous column the rise time will then 
be 200 seconds. For the dye considered here, AT0W is 1310. For a typical value of /tw 
= 0.1 cm/s (Save et al., 1994) and a 10-/xm polyaphron, kja. is 600 s'1. Therefore the 
term (1 - e‘“r) approximates to 1. Thus if the rise time of the CGA/polyaphron complex 
is large and the mass transfer coefficient and interfacial area per unit volume of the 
aphron are large, equilibrium is established between the aqueous phase and the 
polyaphrons. Therefore, we have
As the CGA dispersion and the diluted polyaphron stream are introduced into the
dC
~dt + aC* PC
(4.6)
Cs = K 0WC ( l  - e - ' ) (4.7)
(4.8)
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column, they contribute to some dilution of the aqueous phase because of their water 
content. An overall mass balance on the aqueous phase over the entire column gives
<?, * Q.e * - Q . ' Q r  « • »
where Qw c and £?w p are respectively the flow rates of the aqueous phase resulting from 
the CGA dispersion and the diluted polyaphron stream. For all practical purposes, Qw p 
«  Qwc. Using the above equation in Eq. (4.4), we obtain the following expression for 
the contaminant mass balance in the aqueous phase:
= QP, ~ (<?, -  <5„, * Qwj, * O A . )C W-1#)
Since it was established earlier in Chapter 3 that the mechanism of flotation is via 
Coulombic attraction between CGA and polyaphrons, an expression for (2S can be 
derived in terms of their radii and the impact efficiency, i\. The total number of CGAs 
introduced at the base of the column is given by
N c c a  = - f- Q c  (4.11)
(4/3 )nR3
where/is the fraction of air content in a CGA dispersion (typically varies from 0.3 to 
0.65). Note also that Qwc = (1 -f) Qc. The quality parameter, / ,  can be determined 
using a simple drainage test (Chaphalkar, 1994). Using Eq. (4.1) and (4.11) and 
defining an impaction factor, 17, for the polyaphrons on a CGA, we obtain the solvent 
flow rate as
Qs = 3.8 m ^ Q c  (4-12)K
Using the above in Eq. (4.10) and integrating using the initial condition (r = 0), C = 
Cj , we obtain the efficiency of removal, E(t) = 1 - CIC, as follows:
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(4.13)
We can now simplify the above equation to obtain the steady-state removal as follows:
The steady-state efficiency is a function of QC!Q\, r/R, 77 and /sT0W. For a given type of 
CGA and polyaphron, r/R and/are constants. AT0W is characteristic of the solute. 17 is 
a variable dependant on the fluid dynamics in the column. The process variable is 
Qc/Qv For a given influent feed rate, Qt, increased process efficiency can be realized 
for larger Qc values. Noting that Qs = NCGA n Vp 77, it is clear that the larger the 
number of polyaphrons attached to a CGA, the greater is the efficiency of removal. 
Obviously, the higher the attachment efficiency, 7 7 , and higher the sol vent-water 
partition constant, Afow, the greater is the process efficiency. From Eq. (4.13) it is clear 
that the approach to steady state is dependant on the magnitude of f  which has units of 
inverse time. It is dependant on the aqueous phase detention time Q,/Vw and the 
residence time of the CGA, QJVW. The larger the value of f, the faster is the 
approach to steady state.
Figure 4.7 shows the results ftom the continuous countercurrent experiments on 
the removal of the dye. The process was run continuously with respect to both the 
influent feed and the polyaphron and CGA feeds. The initial rate is fast which then
(4.14)
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leads to a slow approach to steady state. A steady state is reached in about 200 minutes 
of operation for an influent feed rate of 25 mL/min and a total CGA flow rate of 19 
mL/min. The quality of the CGA dispersion used in this experiment was good ( f  =  
0.67) and hence the air flow rate in the form of CGAs (given by fQJ was 13 mL/min, 
and the flow rate of water resulting from the CGA dispersion was 6 mL/min. The 
original polyaphron sample was diluted 1:1 (v/v) before being introduced into the 
column, giving a Qwp of 0.5 mL/min. The steady state removal efficiency under these 
conditions (fQJQ, = 0.52) is 0.64. Also shown is an experiment at a total Qc of 51 
mL/min and at the same Q, of 25 mL/min. The quality factor for the CGA dispersion 
was 0.58 and the actual flow rate of air is therefore fQc =  29.5 mL/min whereas the 
flow rate of water resulting from the CGA was 21.5 mL/min. The value of Qwp in this 
case was 1.6 mL/min and the original polyaphron sample was diluted 1:3 (v/v) before 
introduction into the column. The value of fQJQ, was 1.18 in this case and the steady- 
state efficiency increased to 0.78.
Figure 4.8 shows the effects of increasing CGA dispersion flow rate at a 
different influent feed rate (50 mL/min) on the removal efficiency. At a given influent 
feed rate the amount of polyaphrons attached to a CGA is proportional to the total 
surface area of the CGA, which in turn is proportional to the gas (CGA) retention time 
in the column. The CGA retention time is determined by its flow rate. Hence 
the limiting factor can be expected to be the CGA flow rate. Whereas an efficiency of 
0.38 was noted at a CGA flow rate of 11.7 mL/min, further increase to 41.2 mL/min 
gave only an efficiency of 0.56. In the first case the CGA quality was poor i f  =  0.34), 
while in the second case the quality was marginally better ( f  = 0.47). Therefore the 
atual air flow rate was 3.9 mL/min in the first case and 19.3 mL/min in the second 
case. The original polyaphron sample was diluted 1:3 (v/v) before introduction into the 
column. The values of Qvp were 1.6 mL/min in the first case and 1.7 mL/min in the
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second case. A steady state is reached in about 120 minutes of operation. The value 
of fQJQ\ was 0.08 for the first case and 0.39 for the second case. The fact that the 
efficiency only increased from 0.38 to 0.56 with a fivefold increase in the ratio of air 
to aqueous flow rates may be due to excessive dilution of the aqueous phase by CGAs 
in the second case and consequent decrease in the mass transfer driving force.
Utilizing the impaction factor (rj) as the only variable and using Eq. (4.13), the 
experimental curves were simulated. These are shown as solid lines in Figs. 4.7 and 
4.8. The total volume of the aqueous column was 3500 mL in these experiments. 
Typical values of r = 10 fim and R = 100 fim were used (Zhang et al., 1996a). An 
experimentally determined value of the partition constant, Kov = 1310, was used in the 
model. Reasonable predictions of the observed concentration variation with time were 
obtained. The model satisfactorily predicts the final steady state efficiency. The value 
of tj used for obtaining approximations to the experimental data varied from 0 .0 0 2  to 
0.004. It is encouraging to note that the assumption of equilibrium mass transfer 
between the polyaphrons and water holds in these simulations. Overall, we conclude 
that the model is quite satisfactory in predicting the PDSE performance. The model 
described herein is simplified, but is instructive in providing a better understanding of 
the PDSE process.
Conclusions
The proposed model appears to adequately describe the continuous 
countercurrent PDSE process. The increased surface area of the predispersed solvent 
combined with the flotation of polyaphrons afford good separation efficiencies for a 
hydrophobic organic dye (Solvent Red 27) from the aqueous phase into kerosene. 
Provided effective attachment is attained through Coulombic forces, CGAs greatly 
enhance the rise velocity of dispersed polyaphrons. Results from batch experiments 
showed that the duration of flotation as well as the increased aqueous phase retention
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time had a significant effect on the separation. This indicated the gradual removal of 
submicron-sized polyaphrons by buoyancy, which was in agreement with the model that 
indicated the proportional increase in rise velocity with the square of the radius of the 
polyaphron. The continuous countercurrent process was found to depend on the ratio 
of the CGA flow rate (QJ to the influent feed rate (&). The process efficiency 
increased with an increase in the ratio, in agreement with the model. Excessive dilution 
of the aqueous phase and poor mass transfer efficiency appeared to adversely affect the 
process efficiency at high CGA flow rates. The proposed model also predicted that 
small values of the relative sizes (r/R) and the partition constant will delay the approach 
to steady state.
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CHAPTERS
FOAMABILITY AND BIODEGRAD ABILITY OF FOUR ANIONIC
AND NONIONIC SURFACTANTS APPLIED IN SOIL WASHING 
FOR THE CLEAN-UP OF A SUPERFUND SITE
Introduction
Surfactant based processes are emerging to become increasingly important in 
pollution control. The use of surfactants has been shown to significantly enhance 
conventional groundwater pumping processes for the clean-up of contaminated soils and 
aquifers (Ellis et al., 1985; Nash and Travert, 1986; Ang and Abdul, 1991; Clark et 
al., 1991, 1993). Surfactants, in the form of conventional foams, micro-gas suspensions 
(CGAs) and micelles, have also shown promise in wastewater treatment (Clark and 
Wilson, 1977; Dunn et al., 1985; Longe, 1989; Chaphalkar, 1993). In Chapter 4, 
surfactant based polyaphrons were shown to enhance the conventional solvent extraction 
of a hydrophobic dye (Zhang et al., 1996b). It is important to note that all of these 
surfactant based technologies are at the expense of leaving residual surfactants in the 
produced water. Surfactant removal, therefore, becomes a necessity for the successful 
application of these technologies. The purpose of this study is to address surfactant 
removal by aerobic biodegradation. Four commercial surfactants were tested and 
evaluated for the biodegradation and foam degradation, which impacts air strippers.
Surfactant biodegradation has been the subject of substantial research since the 
1950s, when synthetic detergents came into widespread use. An extensive database has 
been developed to support new commercial surfactant products for their safety and 
acceptable use in the environment (Eldib et al., 1964; Swisher, 1987). However, most 
of the available data on biodegradation are from standard screening tests, which may 
not be applicable in the real environment due to a number of factors involved. One such 
factor, particularly important in surfactant based processes, is the high concentration 
of surfactants involved. The surfactant concentrations of primary interest in
69
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biodegradation work are in the neighborhood of and below 10 mg/L, whereas the CMC 
is usually 10 - 100 times higher (Swisher, 1987).
Alexander (1985) indicated that laboratory biodegradation tests using 
concentrations greater than those found in nature may lead to erroneous conclusions 
about the kinetics and products of microbial transformation in nature. Similar 
projections thus can be made in terms of surfactant biodegradation. Biodegradability of 
surfactants at low concentrations (based on available data from screening tests), 
therefore, may not be directly extrapolated into the biodegradation of surfactants at 
much higher concentrations which are commonly encountered in soil washing and other 
surfactant based remediation technologies.
In this study, four synthetic surfactants were selected and tested for 
biodegradability and foamability at surfactant concentrations of either below critical 
micelle concentrations (CMCs) or above CMCs. These surfactants are being considered 
for in situ use in soil flushing and groundwater remediation at a local Superfund site. 
They are representative of the major surfactant categories and pre-selected according 
to their performance in soil washing and other factors reported in the literature. In the 
present study, foamability and biodegradability are the principal parameters 
investigated. The goal is to select surfactant(s) that are most appropriate and effective 
for the clean-up of contaminated soils at a Superfund site (e.g., least foaming problems 
to be compatible with above-ground air stripping treatment), and to ensure that 
environmentally safe (nontoxic, biodegradable) surfactants will be used at the site for 
soil washing process using surfactants or CGAs.
Experimental Procedure
Surfactant Pre-Selection for Soil Washing
Two anionic and two nonionic surfactants were used, no cationic surfactants 
were selected due to the attractive Coulombic interaction between hydrophilic head and
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negatively charged aquifer solids (West and Harwell, 1992). Anionic SDS (purchased 
from Life Technologies, Inc., Gaithersburg, MD) is less likely to be adsorbed on soil 
(Sabatini et al., 1992), is much cheaper than other surfactants, and is also one of the 
well investigated surfactants in remediation (Shiu et al., 1992). Nonionic surfactant, 
Tergitol 15-S-12 (purchased from Sigma Chemical Co.), is also less likely to be 
adsorbed on soil. Earlier studies also showed that CGAs generated with Tergitol were 
smaller and more stable than both cationic and anionic surfactants (Chaphalkar, 1993). 
Witconol SN-90 (purchased from Witco Corporation, Houston, TX) has proven 
effective for in situ washing of automatic transmission fluid (ATF), other petroleum 
products and hydrophobic organic contaminants from soil or aquifer systems because 
of low surface tension, good detergency and solubilization, and low soil dispersion 
(Abdul et al., 1990). SDBS was purchased from Aldrich Chemical Corp., Inc. The 
properties of surfactants are listed in Table 5.1.
Aerobic Shaker-Flask Experiments
An activated sludge sample was obtained from the Central Wastewater 
Treatment Plant in Baton Rouge, LA. The sludge was aerated for 24 hours and part of 
the sample was withdrawn from the aerated sludge, then transferred to a basal salt 
medium (BSM). Wastewater from the PPI site and a mixture of test surfactants were 
added in different amount to a series of flasks. The flasks were shaken on a reciprocal 
shaker (The Hoover Co., NJ) at room temperature. The culture was transferred weekly 
by taking 1 mL of inoculum into a new series of flasks containing lx  BSM, and higher 
concentrations of test surfactants and PPI wastewater were also added. The 
microorganisms were expected to be acclimated to degrading surfactants in the presence 
of toxics which were found in the PPI wastewater. Contaminants in the wastewater 
include hexachlorobutadiene (HCBD), hexachlorobenzene (HCB), trichloroethylene 
(TCE), halogenated organic solvents (1,2-dichloroethane (DCE), tetrachloroethane),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 5.1 Properties of Surfactants Used in Biodegradation Study
Surfactant CMC mM (mg/L) charge F.W. Formula
LPAS: SDS 8(2310) anionic 288 C ,jH j50 S 0 3Na
LPABS. SDBS 1.5 (520) anionic 349 C 12H „C 6H,SOjNa
LSAE: Tergitol 0.15 (110) nonionic 738 s-C.jCKCHjClijO).,
LPAE: Witconol 2.3 (1000) nonionic 436 R-O-(CHjCH20)„H
LPAS = Linear primary alkyl sulphate SDS = Sodium dodecyl sulfate
LPABS -  Linear primary alkylbenzenesulfonate SDBS =  Sodium dodecylbenzcnesulfonate
LSAE = Linear secondary alcohol ethoxylates
LPAE =  Linear primary alcohol ethoxylates
■vj
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volatile aromatic hydrocarbons including benzene and toluene, and polynuclear aromatic 
hydrocarbons (Constant et al., 1995). Aerobic shaker-flask experiments were conducted 
in duplicates in 250 mL autoclaved Erlenmeyer flasks with the test surfactants, 1 mL 
of inoculum, and lx BSM. The aerobic culture medium was prepared by dissolving 
5.8 gm K2HP04, 4.5 gm KH2P04, 2.0 gm (NH4)S04, then adding 0.05 M MgCl2 
(0.19 mg/L), 0.1 M CaCl2 (0.022 mg/L), 0.25 M MnCl2 (0.252 mg/L) and 0.01 M 
Na2Mo04 (0.041 mg/L) in 1 L of deionized water (modified from Singhal and Roy, 
1988). The medium was filter-sterized before use.
Measurement of Microbial Growth and Biomass
Microbial growth was measured by determining the optical density at 540 nm 
using an HP 8452A Diode Array Spectrophotometer (Hewlett-Packard Company, 
Wilmington, DE). The absorbance data were then correlated with biomass, which was 
measured by filtering cell suspensions through 0.22 pm  filter paper. Significant 
correlations were obtained between biomass and absorbance [jc (mg/L) = 0.0108 +
0.479M, R = 0.957, P < 0.05],
Foam Test
The apparatus for the foam tests was modified from Nelson et al. (1961) and 
fabricated as shown in Fig. 5.1. Samples were diluted to the linear range based on the 
pre-determined foam calibration curve between foam volume and concentration for a 
given surfactant. A 50-mL diluted surfactant solution was placed in a 250 mL graduated 
cylinder, bubbled with air at flowrate of 100 mL/min. Air was introduced at the bottom 
through a sintered glass diffuser of fine porosity. Foam volumes were recorded at 
30, 60, 90 and 120 seconds. Since similar results were obtained, only 60-second foam 
readings were reported.
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1. Air cylinder with two-stage regulator
2. Flowmeter (Cole-Paimer H-32023-02)
3. 250 mL Graduate cylinder
4. Sintered glass diffuser (F)
5. To hood
Figure 5.1 Foam Measurement Apparatus
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MBAS and CTAS for Primary Biodegradation
Primary biodegradation refers to the structure of the surfactant being altered 
such that basic physical and chemical properties as measured by specific analytical 
procedures are changed (Larson et al., 1993). The methods for determining the 
concentrations of anionic and nonionic surfactants, i.e., methylene blue active 
substances (MBAS) and cobalt thiocyanate active substances (CTAS), respectively, were 
adapted from Standard Methods for the Examination o f Water and Wastewater 
(APHA/AWWA/WEF, 1992) with a modification to eliminate the sublation procedure. 
Samples were taken and stored immediately at -20°C to prevent degradation before 
analysis. The surfactant standards were the same as the test surfactants. In the MBAS 
assay, both SDS and SDBS showed good linear relationships in the concentration range 
from 0 to 2 mg/L in 25 mL chloroform, though SDBS had a lower response than SDS. 
The CTAS method measured concentrations of ethoxylated compounds with ethylene 
oxide (EO, CH2CH20 ) chain length greater than five. It is less sensitive than the MBAS 
assay, a linear relationship was found in the range from 0 to 800 mg/L in 10 mL of 
methylene chloride.
TOC Measurement for Ultimate Biodegradation
Total organic carbon (TOC) is a parameter that represents ultimate 
biodegradation, which means a chemical is completely broken down to carbon dioxide 
(or methane under anaerobic condition) and water. Samples were taken and stored 
immediately at -20°C with minimal exposure to light and acidified with sulfuric acid to 
pH <  2 before analysis. Reagent grade water was prepared with Bamstead’s Ultrapure 
Water System. TOC was monitored by a Model TOC-500 Analyzer with an ASI-502 
Auto Sample Injector (Shimadzu Corporation, Kyoto, Japan).
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Experimental Results
Microbial Growth
Microbial growth during an exponential period can be described by the following 
equation:
dx (5.1)—  = ax 
dt ^
where ft is the specific growth rate in hr'1, x is the biomass expressed in mg cell/mL. 
Integrating Eq. (5.1) gives:
x = x0 e ^  (5.2)
Doubling time can be calculated by:
tD = —  (5.3)
P
Semi-logarithmic plots of x  and t were made, and the data in the exponential period 
were used to calculate the parameters, which are provided in Table 5.2. It is clear that 
increasing surfactant (substrate) concentrations increases the specific growth rates (n) 
for SDS between 500 - 2500 mg/L, Tergitol between 100 - 500 mg/L, and Witconol 
between 100 - 500 mg/L. However, further increases in concentration (e.g., 2500 mg/L
for Witconol) may reduce the growth rate, indicating possible inhibitory effects. At an
initial concentration of 500 mg/L, SDS showed a lower growth rate than Tergitol and 
Witconol, but Tergitol had a 16-hour lag phase and Witconol had a second growth 
period (data not shown) with a much slower growth rate.
Primary and Ultimate Biodegradation
Figure 5.2 shows the primary biodegradation (expressed in % surfactant 
remaining) for two anionic surfactants and two nonionic surfactants at an initial 
concentrations of 500 mg/L. The anionic surfactant SDS (as measured by MBAS)
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Table 5.2 Parameters for Exponential Growth Model in Synthetic Surfactants
Surfactant: Jd Growth Model R
Cone. (mg/L) (h r1) (hr) (x : mg/mL; t : hr)
SDS:
500 0.0379 18.28 x = 0.0909 exp (0.0379 t) 0.942*
2500 0.0567 12.23 x = 0.0192 exp (0.0567 t) 0.940*
Tergitol:
100 0.0464 14.93 x =  0.0060 exp (0.0464 t) N/A*
500 0.0694 9.98 x = 0.0061 exp (0.0694 t) 0.966*
Witconol:
100 0.0244 28.46 x =  0.0220 exp (0.0244 t) 0.935*
500 0.0853 8 .12 x = 0.0482 exp (0.0853 t) 0.936*
2500 0.0404 17.16 x = 0.0202 exp (0.0404 t) 0.911*
* Statistically significant at P < 0.05; f Estimated from two data points only (n = 2).
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Figure 5.2 Primary Biodegradation of Different Surfactants (C0 = 500 mg/L)
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showed a significant decrease in the residual surfactant (MBAS) within 24 hours, 
indicating that the carbon chain was broken down immediately due to bacterial attack 
after inoculation. Another anionic surfactant, SDBS, indicated no microbial growth, no 
biodegradation, and no corresponding decrease in MBAS within the first three weeks. 
It is assumed that SDBS resisted biodegradation due to the benzene ring in its structure.
For nonionic surfactants, both Tergitol and Witconol showed significant 
CTAS (remaining surfactant) reductions (Fig. 5.2). Unlike anionic SDS, however, 
CTAS remained for a longer period of time during the course of degradation, indicating 
that primary degradation is not rapid for these two nonionics.
Figure 5.3 shows the ultimate biodegradation of two anionic surfactants and two 
nonionic surfactants at initial concentrations of 500 mg/L. SDS showed good 
biodegradability, TOC decreased by 31, 56 and 66  percent in 1, 4 and 16 days, 
respectively. Witconol showed a slower rate but exhibited biodegradability as high as 
SDS at the end of experiment. TOCs were reduced by 14, 34 and 70 percent by 2, 4 
and 16 days, respectively. Tergitol showed better primary biodegradation than Witconol 
(Fig. 5.2), but poorer ultimate biodegradation (Fig 5.3), with TOC decreased by 26, 
38 and 39 percent by 2, 4 and 16 days, respectively.
By comparing primary biodegradation over time with microbial growth over 
time, a close relationship was observed between microbial growth and primary 
biodegradation, as shown in Fig. 5.4. However, the ultimate biodegradation was not 
closely related with bacterial growth, indicating that only the initial structural change 
(primary biodegradation) supports the carbon and energy for the microbial growth, 
while further mineralization may only maintain the bacterial growth instead of directly 
contributing to the cell mass.
Foaming Potential and Foam Degradation
Figure 5.5 shows foam volume observed at 1 minute vs. the change in 
concentration of four synthetic surfactants at identical conditions. The data were
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obtained from pure surfactant solutions and the foam volume is an indication of relative 
foamability or foaming potential. As shown in Fig. 5.5, foam volume is directly 
proportional to surfactant concentration, but only in a very narrow range. Slope reduces 
at higher concentrations if the air sparging rate is limited. Foam was detected even at 
very low concentrations of residual surfactants between 1 to 5 mg/L. Using a different 
method (Ross-Miles method) for foam measurements, Rosen (1978) reported that foam 
(height) generally increased with increasing surfactant concentration below the CMC 
and as the CMC was reached, foam height reached a maximum. Figure 5.5 also gives 
a comparison of the difference in foam potential between four surfactants. At the same 
concentration and constant air sparging rate, the foaming potential was in the order of 
SDBS > SDS > Tergitol > Witconol.
Figure 5.6 shows the decrease in foamability (herein referred to as foam 
degradation corresponding to biodegradation) over the course of biodegradation. 
Results on foam degradation over time for all surfactants were consistent with the 
results on the primary biodegradation as described in Fig. 5.2, indicating that foaming 
was diminished as the surfactant underwent structural changes as measured by MBAS 
for anionic surfactants or CTAS for nonionic surfactants. Foam degradation does not 
necessarily need the entire surfactant molecule to be mineralized into C02 as measured 
by TOC. Similar to the pattern of primary degradation, it was observed that no foam 
degradation was detected for SDBS, while almost complete degradation was observed 
for SDS, and significant but incomplete foam degradation for nonionic surfactants from 
an initial concentration of 500 mg/L (Fig 5.6).
Effect of Surfactant Concentrations
Results as found above from Fig. 5.2 to Fig. 5.6 were obtained with the test 
surfactants at an initial concentration of 500 mg/L. Similar experiments were carried
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out for SDS and Witconol at an initial concentration of 2500 rag/L to examine the 
effectof surfactant concentration (especially at concentrations higher than CMCs) on the 
biodegradation process. For both surfactants, 500 mg/L is a below-CMC concentration, 
while 2500 mg/L is above-CMC concentration. As discussed below, increasing 
surfactant concentrations dramatically change the microbial growth, primary 
biodegradation, ultimate biodegradation and foam degradation.
Figure 5.7 shows microbial growth in three surfactants at different initial 
concentrations. Increasing surfactant concentration significantly increased microbial 
growth expressed as cell mass in mg/mL. Increased concentration also increased the 
specific growth rate given earlier in Table 5.2. There were no apparent inhibitory 
effects on microorganisms at test concentrations as high as 2500 mg/L for SDS and 500 
mg/L for Tergitol. However, Witconol, at a concentration of 2500 mg/L, decreased 
microbial growth (Fig. 5.7) and growth rate fi (Table 5.2).
Corresponding to the inhibited bacterial growth in Witconol at a concentration 
of 2500 mg/L, ultimate biodegradation was significantly reduced (Fig. 5.8). Although 
there was significant primary biodegradation, no foam reduction occurred at this 
concentration. This may indicate that Witconol, above CMC, indeed underwent some 
structural changes, but the changes were not enough to account for a foaming decrease. 
For SDS, although increased growth was noticed at concentration of 2500 mg/L, 
biodegradation and foam degradation were all significantly reduced (Fig. 5.8). 
Discussion of Results 
Surfactant Selection
The results indicated that four surfactants in different categories (LPAS, LPABS, 
LSAE and LPAE, Table 5.1) exhibited different extents and patterns of biodegradation. 
Surfactant molecules with an aromatic ring structure (e.g., SDBS) appears to
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significantly decrease the biodegradation potential due to the stability of the rings. 
Significant decrease in MBAS and foam degradation occurred within 24 hours for SDS, 
while SDBS at a concentration of 500 mg/L resisted microbial attack, showing no 
bacterial growth, no primary or ultimate biodegradation (data not shown) and no 
foam degradation during a 3-week period. Surfactant molecules with branched 
carbon chains had lower biodegradation potential as well, as indicated by the lower 
ultimate biodegradation of LSAE (Tergitol) than that of LPAE (Witconol). Results also 
indicated that foamability of different surfactants at the same concentrations and 
constant air rates were in the order of SDBS >  SDS > Tergitol >  Witconol. Early 
studies showed that ionic surfactants in aqueous media generally provided more foam 
and much more stable foam than nonionic surfactants, and sodium alkyl sulfates 
containing 12 - 14 carbon atoms often presented the best foaming capacity (Broich, 
1966; Rosen, 1987). These effects are probably due to the smaller surface area per 
molecule and the presence of highly charged surfactant films in these foams (Rosen, 
1978). In addition, greater foaming potential for SDBS than SDS also confirmed the 
earlier results that a surfactant with a lower CMC is a more effective foamer than a 
surfactant in the same class with a higher CMC. Based on the overall performance, one 
concludes that SDS and Witconol have greater potential than SDBS and Tergitol for soil 
washing applications. Further selection between SDS and Witconol may be complicated 
because both present some disadvantages. Anionic surfactants in the category of LPAS 
(e.g., SDS) may form significant amounts of precipitates with cations such as Ca++ and 
Mg++ in a culture medium. Similar precipitation could also occur in a soil washing 
process, raising a concern for the cost-effective use of SDS, especially when the soil 
CEC is high enough to exceed the value (K^ Ca =  2.14 x 10 '° ~ 5 x 10' !0 (mol/L)3; 
^sp, Mg = 3.1 x 10'9 (mol/L)3, Jafvert and Heath, 1991). In addition, a significant pH 
decrease (data not shown) also occurred during the course of degradation for SDS,
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another concern for possible inhibitory effects at high concentrations. On the other 
hand, Witconol had a slightly better TOC degradation (70%), smaller CMC value, and 
less foaming potential than that of SDS, but foam degradation was poorer than SDS. 
Optimal surfactant formulations should be selected considering not only 
biodegradability, toxicity, precipitation loss, adsorption loss and foam potential, but also 
other factors such as solubility enhancement for hydrophobic organic compounds, soil 
washing efficiency, etc. Selection of surfactants for the clean-up of a specific 
contaminated site should also consider site conditions such as soil, possible interactions 
between surfactants, contaminants and microorganisms. Surfactant selection is critical 
for the success of subsurface contaminant remediation (Vigon and Rubin, 1989; 
Fountain et al., 1991; Peters et al., 1992). Procedure outlined herein will help in the 
development of such a protocol for surfactant selection. These protocols should be 
developed in the future to incorporate biodegradation and foam degradation along with 
other parameters (solubility, sorption, precipitation and IFTs, etc) for the screening of 
commercial surfactants in waste site remediation.
Biodegradation of Monomer vs. Micellar Surfactant
Results also suggested that surfactant concentration is a critical factor when 
interpreting biodegradability data. Increasing surfactant concentrations in a certain range 
significantly increased the microbial growth (both cell mass in stationary phase and 
growth rate n) in basal salt media. Further increases in surfactant concentration may 
have inhibitory effects on bacterial growth and/or reduced biodegradability for certain 
synthetic surfactants, as indicated by SDS and Witconol at a concentration of 2500 
mg/L (above CMCs) compared to 500 mg/L (below CMCs). At initial concentrations 
of 500 mg/L, foam degradation was complete for SDS and significant for Witconol. 
However, no significant foam degradation was observed for either surfactants at an 
initial concentration of 2500 mg/L. Likewise, ultimate biodegradation based on TOC
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at 16 days was 6 6 % and 70% for SDS and Witconol, respectively, but only 38% for 
SDS and 10% for Witconol at concentration of 2500mg/L. Therefore, there is 
uncertainty in extrapolation of data on biodegradation at low surfactant concentration 
from the River Die-Away Tests or other screening tests (e.g., OECD screening test), 
to the biodegradability at much higher concentrations. For example, SDBS at a 
concentration of 23 mg/L was reported to be biodegraded in 15-20 days in a River Die- 
Away test (Lee et at., 1995), however, no biodegradation was observed in this study, 
in which the concentration of SDBS was 500 mg/L. It is interesting to note that the 
reduced biodegradability may be related to the micellization of surfactants. Surfactants 
in micellar phase may have lower biodegradability than monomer surfactant molecules. 
The structure of micelles in aqueous solutions at concentrations not too far above the 
CMC was reported to be spherical with an interior region containing the hydrophobic 
groups of the surfactant molecule, of radius approximately equal to the length of a fully 
extended hydrophobic group, surrounded by an outer region containing the hydrophilic 
groups and bound water (Rosen, 1978). These size and structure characteristics may 
hinder the close contact between surfactant and microorganisms, thereby reducing the 
biodegradability at concentrations above CMC. Further data are needed to confirm this 
explanation due to other potential factors. For instance, a high concentration of 
surfactant may inhibit or damage the bacterial cell, making them unable to undergo 
biodegradation. According to Swisher (1987), the inhibitory effects could be the 
disruption of cell membrane by interaction with their lipid structural components, or the 
reaction of surfactants with the enzymes and other proteins essential to the proper 
functioning of bacterial cells. The biodegradation of surfactants at concentration higher 
than CMC is an area of interest for future research.
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Conclusions
• At an initial concentration of 500 mg/L, the magnitude of primary 
biodegradation for different surfactants was:
SDS > Tergitol > Witconol > SDBS.
Ionic surfactants provided more foam than nonionic surfactants. Foamability of 
different surfactants at constant air sparging rates were in the order of:
SDBS > SDS > Tergitol >  Witconol.
The magnitude of foam degradation at an initial concentration of 500 mg/L was: 
SDS > Tergitol > Witconol > SDBS.
Surfactant molecules with aromatic ring or secondary carbon chain structure 
appeared to have lower biodegradability. Ultimate biodegradation based on TOC 
by 16 days was:
Witconol (70%) > SDS (6 6 %) > Tergitol (39%) > SDBS.
• For SDS and Witconol, increasing surfactant concentrations from 500 mg/L (<  
CMCs) to 2500 mg/L (>  CMCs) significantly reduced the biodegradability and 
foam degradation. The reductions could be due to the toxicity or the micellar 
formation of the surfactants.
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CHAPTER 6 
BIODEGRADATION OF A PLANT BASED SURFACTANT
AND CHLORINATED HYDROCARBON IN THE WASTEWATER 
FROM A SUPERFUND SITE
Introduction
The selection of surfactants for a specific remedy scheme is a critical step for 
the successful implementation of surfactant based remediation. Inappropriate surfactants 
or surfactants incompatible with the contaminated medium may result in failure of the 
remedy (Fountain et al., 1991; West and Harwell, 1992). In Chapter 5, the 
biodegradation and foam potential of four commercial surfactants was studied and 
evaluated. The purpose of this Chapter is to present data on the biodegradability and 
foamability of a plant based natural surfactant.
At present, commercial synthetic surfactants are by far the preferred choice in 
remediation due to a variety of types available. However, most of the synthetic 
surfactants pose problems: (1) Synthetic surfactant residues may be toxic to indigenous 
soil microorganisms and hence inhibit in situ biological activity. The long chain fatty 
amines and their salts of cationic surfactants, for example, are known for their 
bactericidal action to kill microorganisms or restrict their growth (Porter, 1994); (2) 
Cost-effective technologies for the recycle and reuse of surfactants are not available yet, 
and the cost of surfactants could make full-scale use economically infeasible (Shiu et 
al., 1995); (3) Residual surfactants in washwater may pose problems for subsequent 
above-ground treatment. Foaming, for instance, may cause operational problems and 
render air stripping processes difficult or unsuccessful for the removal of volatile 
contaminants. High concentrations of surfactant may also lower the efficiency of the 
activated carbon process, or reduce the efficiency of biological treatment due to the 
potential toxicity of surfactant and its metabolites; (4) Loss of surfactants, hence 
decreasing the active surfactant concentration, is another potential problem in the
92
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success of surfactant based remediation. For cationic surfactants, significant adsorption 
loss could occur due to the attractive Coulombic interactions between the hydrophilic 
head and negatively charged aquifer materials (West and Harwell, 1992). Anionic 
surfactants in the category of alkyl sulphates (e.g., SDS) have minimal adsorption loss, 
but precipitation loss could be a problem (Liu, 1993). On the other hand, nonionic 
surfactants can be trapped in non-aqueous phase liquid (NAPL) and form liquid 
crystals, another problem for practical use if NAPLs are involved.
In recent years there has been considerable interest in the development of novel 
surfactants, especially naturally occurring surface-active compounds. These surfactants 
have comparable solubilizing capacity, which is necessary for soil washing and 
flushing, but also have advantages over commonly used commercial surfactants in that 
they are readily biodegradable, nontoxic, lack precipitation losses, and in some cases, 
they are less expensive. There has been reported uses of novel surfactants, such as 
chemo-cleavable (acid-sensitive) surfactants (Ono etal., 1995), food-grade surfactants 
(Shiau et al., 1995), microbial surfactants or biosurfactants (Oberbrene et al., 1990; 
Providenti etal., 1995; Zhang and Miller, 1995), plant based surfactants (Kommalapati, 
1995), etc.
In this study, a plant based surfactant is utilized, which was obtained from the 
fruit pericarps of Sapindus mukorossi. Earlier studies showed that it is comparative to 
commercial surfactants in solubilizing and desorbing hydrophobic organic compounds 
(HOCs) from soil (Kommalapati, 1995). This work addresses the biodegradation 
patterns under a variety of conditions such as nutrient addition, inoculation and 
concentration. The biodegradation of this surfactant in the presence of an actual 
wastewater containing chlorinated and non-chlorinated hydrocarbons was also 
investigated. The wastewater was collected from a local Superfund site, Petro 
Processors Inc. (PPI), containing a variety of petroleum hydrocarbons, chlorinated
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hydrocarbons and solvents obtained in the hydraulic containment and recovery remedy. 
Foam potential related to concentration, and foam degradation during the course of 
biodegradation are also studied.
Experimental Procedure
Preparation of Natural Surfactant Solution
Dry fruits of Sapindus mukorossi were obtained from India. The fruits are 
commonly known as soapnut or Ritha. The pericarps were separated from fruit seeds, 
and then dried in oven at 50°C, ground and sieved through a 840 fim standard sieve. 
A stock solution with a 10% concentration was prepared by extracting 10 grams of 
Ritha powder with 100 mL of deionized water on a magnetic stirrer at room 
temperature for 3 hours. The solution was then centrifuged and filtered in sequence 
through a 0.44 mm pre-filter (Coming Costar Corp. Oneonta, NY) and a 0.45 jim 
sterile cellulose acetone membrane filter system (Coming Inc., Coming, NY), and 
stored at -20°C until use.
Aerobic Biodegradation Experiment
Aerobic biodegradation experiments were conducted in 250 mL autoclaved 
Erlenmeyer flasks. Ritha surfactant or a mixture of Ritha and PPI wastewater were 
added as the only carbon sources. Sodium azide (NaN3) at a concentration of 500 mg/L 
was added to abiotic controls. Basal salt medium (BSM xl) was used as the 
supplemental mineral nutrients. It was prepared by dissolving 5.8 gm K2HP04, 4.5 gm 
KH2P04, 2.0 gm (NH4)S04, then adding 0.05 M MgCl2 (0.19 mg/L), 0.1 M CaCl2 
(0.022 mg/L), 0.25 M MnCl2 (0.252 mg/L) and 0.01 M Na2M o04 (0.041 mg/L) in 1 
L of deionized water (modified from Singhal and Roy, 1988).
Measurements of Biodegradation Parameters
Biodegradation was monitored over time by measuring microbial growth, 
foaming potential of residual surfactant, and total organic carbon (TOC). Microbial
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growth was measured by either optical density at 540 nm or protein contents (Bio-Rad 
Detergent Compatible Protein assay, modified from Lowry et al., 1951). If optical 
density was used, the data were then correlated with cell mass. Foam potential was 
measured using an apparatus modified from Nelson et al. (1961). TOCs were measured 
before samples were centrifuged (TOC) and after samples (cell suspensions) were 
centrifuged (defined as dissolved organic carbon, DOC). The difference in TOC and 
DOC is the particulate (cellular) organic carbon (POC), which is directly related to the 
carbon in the biomass and will be used to estimate the contribution of biomass to the 
TOC removal. TOC and DOC are thus used as gross parameters to represent ultimate 
biodegradation of either surfactant or organic contaminants in the wastewater. It is a 
more conservative estimate of biodegradation because the TOC value decreases only 
when compounds are completely transformed into C02. No efforts were made for 
determining degradation of specific compounds in the wastewater due to the very 
complicated nature of the waste from the Superfund site.
Results and Discussion 
Two-Stage Biodegradation Pattern
Both curves of microbial growth and DOC degradation show a two-stage pattern 
for the natural surfactant when the test concentration of Ritha is as high as 0.6% (Fig. 
6.1 and Fig. 6.2). The first log phase occurred within 24 hours with DOC reduction 
of 30%, followed by a stationary phase for about 5 days. The second log phase started 
around the 6 th day and lasted till the 10th day, followed by another stationary phase. 
DOC reduction at the end of experiment (20 days) was approximately 65%. This 
biodegradation pattern suggests that Ritha may have two components initially, or the 
parent compound was broken down into two components with different 
biodegradabilities. However, this two-stage pattern was not detected at concentrations 
lower than 0.6%. It might also be possible that at concentrations (0.6%) above CMC
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(0.1%), Ritha surfactant in the micellar form delays the microbial utilization and hence 
exhibits the second log phase.
Monod Model and Growth Parameters
Bacterial growth in an exponential period can be described as:
x = x f *  «*•!)
The specific growth rate (n) can be calculated from a semi-logarithmic plot of x and t 
to obtain the slope in exponential growth period. Doubling time (rD) may be defined by 
Eq. (6.2),
tD = ^  (6 .2 )
P
Parameters for the exponential growth model of the natural surfactant are given in 
Table 6.1. Note that the specific growth rate (/z) is related to the concentration (S) of 
the limiting substrate by the following Monod model (Bailey and Ollis, 1986):
H S= f*max (6>3)
Ks * S
Increased substrate concentration (5) will increase microbial growth rate until it reaches 
a maximum growth rate due to limiting factors set forth in Monod kinetics. Rearranging 
Eq. (6.3) and using data in Table 6.1, we can estimate the coefficients K% and by:
I  = A . 1  + J L  (6*4)
H 1W  S 1W
where is the maximum specific growth rate (h r1), and Ks is the half-saturation 
constant (mg/L). A significant relationship (R = 0.999) was found between 1 Ifi and 
1/5. The estimated =  1.08 hr'1 and Ks =  11200 mg/L (1.12%). The latter means 
that bacterial growth in Ritha at concentration of 1.12% reaches its half maximum 
growth rate.
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Table 6.1 Parameters for Exponential Growth Model in Natural Surfactant
Concentration1
(mg/L) (h r1) (hr)
Growth Model 
(jc : mg/mL; t : hr)
R
200 0.0188 36.83 x = 0.0230 exp (0.0188 r) 0 .8 6 8 *
1000 0.1035 6.70 x = 0.0246 exp (0.1035 t) 0.979*
2500 0.1915 3.62 x = 0.0252 exp (0.1915 t) 0.997*
6000 0.2574 2.69 x = 0.0241 exp (0.2574 r) 0.970*
1CMC of Ritha is 1000 mg/L; * Statistically significant at P <  0.05.
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Effects of Nutrients
The effects of nutrients are significant. Unlike synthetic surfactants, however, 
there is still a 20% DOC degradation even with no external supply of nutrients, 
indicating that Ritha itself provides some nutrients to microorganisms. If nutrients are 
provided, 65% DOC or 40% TOC (data not shown) were reduced within 2 weeks (Fig. 
6.1). This means that nutrient additions increased the DOC reduction by 45%.
Effects of Inoculation
There is no apparent difference in the microbial growth (Fig. 6.2a) and 
biodegradation (Fig. 6.2b) of natural surfactant with or without inoculation of the 
acclimated seeds, as long as Ritha surfactant solutions used were not filter-sterilized. 
This means that the inherent microorganisms from the prepared Ritha surfactant 
solutions are capable of biodegrading their own components. It may also imply that no 
engineered acclimation is necessary if Ritha is applied at a site, indicating an advantage 
of natural surfactant over synthetic surfactants.
Effects of Surfactant Concentrations
Increasing surfactant concentrations significantly increased microbial growth 
expressed as cell mass in mg/mL (Fig. 6.3). There were no apparent inhibitory effects 
on microorganisms at test concentrations as high as 0.6% (>  CMC) for Ritha, showing 
another advantage over synthetic surfactants.
Ultimate Biodegradation vs. Biomass Removal
Percent biodegradation was compared between values of % DOC degraded and 
values of % TOC degraded with noticeable differences found (Table 6.2). When BSM 
nutrients were present, the difference in % TOC and % DOC reduction after 10 days 
was approximately 25 %. This means that a 25 % TOC reduction is through the biomass 
removal instead of being completely degraded into C 02. In the absence of BSM 
nutrients, the difference in % DOC and % TOC values became smaller, which agrees
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Table 6.2 Biodegradation of Ritha as Affected by Nutrients5
Days 0 .3 .7 1 2 3 4 6 8 10 12 14 16 20
+BSM  TOC 0 -1 14 16 28 33 23 15 28 39 39 39 40 38
DOC 0 5 26 30 33 34 32 34 47 64 62 65 64 60
- BSM TOC 0 7 4 -2 22 16 13 13 11 19 17 20 15 11
DOC 0 1 2 3 14 14 17 23 23 19 22 20 23 22
5Data in % TOC (DOC) reduction for Ritha solution at initial concentration of 0.6%.
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well with the lesser amount of microorganism cells in the nutrient-deficient medium. 
The results indicated that a considerable amount (25% TOC) of the components in Ritha 
yielded biomass, or became adsorbed by microbial cells, and about 40% TOC was due 
to mineralization. The remaining component was not further biodegraded during the 
study period, possibly because of the very complex polycyclic structure of Saponins. 
It was reported that Saponins are comprised of a hydrophile (common pentose and 
hexose sugar or sugars in reduced and oxidized forms) and a hydrophobe. The 
hydrophobe (Fig. 6.4) is frequently a derivative of the steroid-3-hydroxyspirostan or 
of the triterpene 3-hydroxy-12-oleanene (Swisher, 1987).
Foamability and Foam Degradation
Foam volume was found to be directly proportional to surfactant concentration 
only in a narrow range, leveling off at higher concentrations when the air sparging rate 
is limited, as shown in Fig. 6.5. Foam was observed even at very low concentrations 
of residual surfactants. The lowest concentrations at which foams were still detectable
was between 1 to 5 mg/L for Ritha (Fig. 6.5). Comparing the foaming potential with
four synthetic surfactants at same concentration, Ritha showed the lowest foaming
potential. The foaming potential is in the order of SDBS > SDS > Tergitol >
Witconol >  Ritha (see also Fig. 5.5 in Chapter 5).
Foam degradation during the course of biodegradation was also monitored along 
with other parameters. Despite microbial growth and significant TOC degradation, no 
significant foam degradation was detected for Ritha (Table 6.3). The results here 
suggested that the structure of surface-active component in Ritha has not been broken 
down in the time span of the experiments.
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Figure 6.4 Chemical Structures of Hydrophobes of Plant Based Surfactant - 
Saponins: (a) Steroid-3-hydroxyspirostan and (b) Triterpene 3-hydroxy- 
12-oleanene (Swisher, 1987)
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Table 6.3 Foam Degradation of Ritha5
Days 0 1 2 3 4 6 8 12 14 20 25
0.1% Ritha 34 37 46.5 43 42 / 38
0.6% Ritha 116 103 119 104 109 108
0.6% Ritha+ Waste 100 83 105 102 88 105 97 95 101 99 93
5Foam readings (mL) were made after 1 minute at air flowrate of 100 mL/min.
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Biodegradation of Ritha and PPI Wastewater Mixture
For mixtures of Ritha and PPI wastewater, addition of nutrients significantly 
increased microbial growth and protein contents (Fig. 6 .6 a). TOC reductions were 
increased by 15-20% with the addition of BSM nutrients (Fig. 6 .6b).
The percentage TOC and DOC degraded were 20% and 35%, respectively, for 
the mixture of PPI wastewater and Ritha supplied with BSM. Compared % DOC values 
with % TOC values (Table 6.4), it was estimated that about 15-20% TOC reduction 
was due to biomass removal or cell adsorption.
Biodegradation of Combined vs. Mixture
The difference between "combined" biodegradation (i.e., surfactant and 
wastewater were tested separately and the total % biodegradation was obtained by the 
summation) and biodegradation of the surfactant-wastewater "mixture" can indicate the 
synergistic effects due to interactions between surfactants, microorganisms and 
contaminants in the wastewater. These interactions may include the toxicity of 
compounds or surfactants to the microorganisms, the promoted microbial growth due
to some nutritional components in the wastewater or surfactants being used as a readily
available carbon source, and possible surfactant enhanced solubility of hydrophobic
contaminants and hence the greater bioavailability to the microorganisms. The enhanced
biodegradation from synthetic surfactants is discussed in Chapter 7. For the natural
surfactant, microbial growth (as measured by protein content) was not affected (Fig.
6.7a), and DOC reductions were not significantly changed (Fig. 6.7b, Table 6.5) by
mixing surfactant Ritha with PPI wastewater together. Though there was no significant
enhanced biodegradation, the results showed an absence of toxicity to the microbes
from surfactants and organic compounds in the wastewater.
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Table 6.4 Effects of Nutrients on Biodegradation of Ritha and PPI 
Wastewater Mixture5
Days 0 .7 1 2 3 4 6 8 12 14 20 25
+  BSM TOC 0 10 19 17 19 18 13 20 20 15 15 15
DOC 0 17 24 31 29 39 38 33 31 33 37 28
- BSM TOC 0 4 12 17 12 14 12 14 20 15 12 14
DOC 0 0 8 13 13 13 23 19 13 18 24 15
5Data in % TOC (DOC) reduction.
Table 6.5 Biodegradation of Combined vs. Mixture5
Days 0 .3 .7 1 2 3 4 6 8 12 14 20 25
Combined TOC 0 1 14 22 20 21 21 18 22 21 19 14 15
DOC 0 1 11 22 25 26 29 35 32 27 27 36 22
Mixture TOC 0 -4 10 19 17 19 18 13 20 20 15 15 15
DOC 0 0 17 24 31 29 39 38 33 31 33 37 28
5Data in % TOC (DOC) reduction for 0.6% Ritha and PPI wastewater.
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Conclusions
Laboratory batch shaker-flask experiments were conducted to study the
biodegradation and foam degradation of a plant based surfactant in the absence and
presence of wastewater containing chlorinated hydrocarbons from a Superfund site. The
following conclusions can be drawn from this study:
• The biodegradation of Ritha has a two-stage pattern as seen from both the 
microbial growth curve and TOC reduction curve.
• Increasing the concentration of the Ritha solution significantly increases the 
microbial growth, but no inhibitory effects on microorganisms were observed 
at concentration as high as 6000 mg/L. The parameters for the Monod model 
were estimated ( n ^  =  1.08 hr' 1 and Ks = 1.12%).
• The effects of inoculated seeds on microbial growth and TOC degradation are 
insignificant. Addition of mineral nutrients significantly increases 
biodegradation, the nutrient effects are less than that of synthetic surfactants. 
There was still a 20% TOC reduction in the absence of external nutrients.
• About 65% TOC degradation was detected for 0.6% Ritha solution supplied 
with basal salt medium (BSM), 25% of which was through biomass removal or 
adsorption.
• Ritha shows the lowest foaming potential compared to other biodegradable 
synthetic surfactants at the same concentrations. However, foam degradation is 
poorer than SDS, Tergitol or Witconol.
• For the mixture of Ritha and PPI wastewater, nutrient addition significantly 
increases microbial growth and TOC reduction. However, degradation still 
occurs even with no external supply of nutrients.
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• No significant enhanced biodegradation was found in comparing the 
biodegradation of the mixture of Ritha and PPI wastewater to that of combined 
when Ritha or PPI wastewater separately serves as the only substrate.
While some synthetic surfactants may have decreased active concentration in 
soils due to precipitation, adsorption or phase change in NAPLs, others (e.g., SDBS) 
may have toxicity or poor biodegradability. Natural occurring surfactants such as Ritha 
may show greater potential in in-situ soil washing in this regard. Results from this study 
showed that the use of natural surfactants has advantages over synthetic surfactants 
(e.g., lack of toxicity above CMC, less nutrient and acclimation required, etc.). The 
poor foam degradation of Ritha, however, still remains a concern.
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CHAPTER 7
NUTRIENT AND SURFACTANT ENHANCEMENT FOR THE 
BIODEGRADATION OF CHLORINATED HYDROCARBONS 
IN THE WASTEWATER FROM A SUPERFUND SITE
Introduction
In the previous two Chapters, biodegradation of four commercial surfactants and 
a plant based natural surfactant was studied. The objective of this Chapter is to present 
results from lab-scale experiments, investigating the effectiveness and potential 
enhancement of bioremediation for the treatment of surfactant-laden organic 
contaminants collected from a local Superfund site.
The presence of high concentration of surfactants is a common problem in 
surfactant based remediation technologies including PDSE process, soil washing and 
soil flushing processes. In the past ten years, there has been considerable research on 
surfactant soil washing (Ellis et al., 1985; Nash, 1987; Vigon and Rubin, 1989; Ang 
and Abdul, 1991; EPA, 1993b; Roy et al., 1994). However, little information is 
available on the above-ground treatment of surfactant-laden wastewater. The presence 
of high concentrations of surfactant may cause problems for the subsequent treatment 
of the waste. Foaming, for example, may cause operational problems and render air 
stripping processes unsuccessful for the removal of volatile contaminants. High 
concentrations of surfactants may also render the efficiency of activated carbon 
processes, or possibly limit biological processes due to the toxicity of some synthetic 
surfactants and their intermediate byproducts.
Few studies have addressed the treatment of surfactant-laden wastewater using 
non-biological means. Ellis et al. (1985) noted the difficulties in treating aqueous 
surfactant-contaminant effluent, and indicated that separating surfactants from the 
contaminants for recycle is a vital step for future cost-effective applications in the 
development of surfactant flushing remediation. Physical-chemical methods such as
113
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hydrolysis, oxidation and precipitation require severe conditions (Swisher, 1987). Foam 
fractionation, adsorption are not feasible due to high concentration of surfactants 
(Wilson, 1989). Gannon et al. (1989) treated surfactants loaded withp-dichlorobenzene 
(DCB) using gentle extraction with hexane, and the recovered surfactant was recycled 
for further soil washing. The extraction procedure, however, can only recycle ionic 
surfactants. In addition, the cost-effectiveness of this technology for a large-scale 
application is questionable. More recently, Maillacheruvu et al. (1996) found that UV- 
photocatalysis reduced the foaming potential of surfactant in addition to breaking down 
the naphthalene.
Bioremediation is an attractive alternative for the treatment of such wastes. 
However, the presence of surfactants will complicate the biological process due to the 
interactions between surfactant, hydrophobic organic compounds (HOCs) and 
microorganisms. There are conflicting results on the effects of surfactant on 
biodegradation of HOCs. A number of researchers indicated the enhancement by 
surfactants on the microbial degradation of organic contaminants (Aerostein and 
Alexander, 1993; Bury and Miller, 1993). Such surfactant enhancement could be due 
to increased solubility and hence the increased bioavailability of HOCs to the 
microorganisms, the increased hydrophobicity of cell membrane (Marchesi et al., 
1994), or the reduced interfacial tension thus promoting more contact area between 
HOCs and microorganisms. The enhanced biodegradation by surfactants is of 
significance since most HOCs of environmental interest are characterized by their long 
half-lives of biodegradation (Howard et al., 1991). On the contrary, other studies 
indicated the ineffective or even inhibitory effects of surfactants on the biodegradation 
of HOCs (Laha and Luthy, 1991; Liu et al., 1995).
This Chapter addresses the effects of surfactants on the biodegradation of HOCs 
and the potential toxic effects of organic contaminants on surfactant biodegradation. The
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specific objectives are to ( 1) determine the biodegradability of contaminants in the 
petrochemical wastewater by acclimated microorganisms, (2 ) determine the 
biodegradability of surfactants in the presence of potentially toxic chemicals in the PPI 
wastewater, and (3) investigate the potential enhancement for the biodegradation of 
surfactant-laden petroleum hydrocarbons under the presence of surfactant and nutrient 
amendments.
Experimental Procedure 
PPI Superfund Site Description
The Petro Processors Inc. (PPI) Superfund site is one of the 1217 sites (1989) 
cited in the EPA National Priority List (NPL). The site, with an area of 25 hectare, is 
located 16 km north of Baton Rouge, LA. During the period from 1964 to 1979, a 
number of industries within the area disposed of their toxic sludge, industrial materials 
and debris in unengineered and uncontrolled pits. In total, approximately 320,000 tons 
of waste were disposed of at the site. The total volume of deposits contaminated with 
this waste was estimated to be 1 million m3. A detailed site description can be found 
elsewhere (Acar et al., 1995).
Current remediation projects on the PPI site include a hydraulic containment / 
recovery system, incineration of organics in the liquid and vapor streams, and air 
stripping and carbon treatment for the waste treatment. The major problem related to 
the hydraulic containment and recovery system is the inefficiency for the removal of 
non-aqueous phase liquids (NAPLs) over time. Excessively long periods of clean-up 
time are predicted for the current scenario. Therefore, a large-scale in situ and ex situ 
project using micro-gas surfactant dispersions called colloidal gas aphrons (CGAs) is 
being investigated (Chaphalkar et al., 1995, 1996). As a part of the overall project, the 
present work is to investigate the effectiveness of biodegradation for the treatment of
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surfactant-laden contaminants as an alternative method between soil washing and air 
stripping - activated carbon processes which are currently in place at the site. 
Characteristics of the Wastewater
A composite wastewater sample was collected from the PPI site and used 
throughout this study. The wastewater has a brown color with an odor o f petro­
chemicals. Contaminants include hexachlorobutadiene (HCBD), hexachlorobenzene 
(HCB), trichloroethylene (TCE), halogenated organic solvents (1,2-dichloroethane 
(DCE), tetrachloroethane), volatile aromatic hydrocarbons including benzene and 
toluene, and polynuclear aromatic hydrocarbons (Constant et al., 1995). A typical 
wastewater sample was analyzed by GC/MS, and the concentrations and properties of 
primary organic contaminants are given in Table 7.1 (Howard et al.,1991).
Seed Acclimation and Culture Medium
An activated sludge sample was obtained from the Central Wastewater 
Treatment Plant in Baton Rouge, LA. The sludge was then aerated for 24 hours and 
part of the sample was withdrawn from the aerated sludge for transfer to the basal salt 
media (BSM). Wastewater from the PPI site and a mixture of test surfactants were 
added in different amount to a series of flasks. The flasks were shaken on a reciprocal 
shaker (The Hoover Co., NJ) at room temperature. The culture was transferred weekly 
by taking 1 mL of inoculum into a new series of flasks containing lx BSM, and higher 
concentrations of test surfactants and PPI wastewater were also added. The 
microorganisms were expected to be acclimated to degrading surfactants in the presence 
of toxics which were found on the PPI site. Aerobic shaker-flask experiments were 
conducted in duplicates in 250 mL autoclaved Erlenmeyer flasks containing test 
surfactants or the surfactant-contaminant mixture, 1 mL of inoculum, and BSM for 
nutrient treatment. The basal salt medium (BSM xl) for the aerobic study was prepared 
by dissolving 5.8 gm K2HP04, 4.5 gm KH2P04, 2.0 gm (NH4)SQ4, then adding 0.05
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Table 7.1. Concentrations and Properties of Selected Organics in the PPI Wastewater
Chemical Cone.
(pg/L)
Solubility
(mg/L)
Log Kow Aerobic Hair-Life1
Benzene <2300
Carbon tetrachloride 4260 800 2 83
bis(2-Chloroisoprnpyl) ether 2640 1700 258
1,1-Dichlorocthanes 5720 5500-8690 1 48-1.78 32 days-22 weeks
1.2-Dichlorocthancs 380000
Heuchlorobenzcne <100 0.005 5 5 2.7 - 5.7 years
Heaachlorobutadience 207 3.2 4 78 4 weeks - 6 months
Heaachtoroethane 116 50 3 93
Naphthalene 323 20 days
Tctrachloroethylene 6930 150 2.60 6 months - 1 year
Trichloelluncs 790000 485-2900 2.1-2.56 4.5 months • 2 years
Trichlocthene 14400
Vinyl chloride <2300 1100 0.60 4 weeks - 6 months
’Unacclimated aqueous biodegradation (Howard et al., 1991)
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M MgCl2 (0.19 mg/L), 0.1 M CaCl2 (0.022 mg/L), 0.25 M MnCl2 (0.252 mg/L) and 
0.01 M Na2Mo04 (0.041 mg/L) in 1 L of deionized water (modified from Singhal and 
Roy, 1988). The medium was filter-sterilized before use.
Aerobic Biodegradation Experimental Design
For the biodegradation of PPI wastewater containing chlorinated and non­
chlorinated hydrocarbons, 4 treatments were employed to examine the effects of 
nutrients and inoculation of acclimated seeds: a). PPI wastewater + BSM + Seed; b). 
PPI wastewater - BSM + Seed; c). PPI wastewater +  BSM - Seed; d). PPI wastewater 
+ BSM + NaN3. Sodium azide (NaN3) was used to kill the microorganisms, hence 
treatment d) is an abiotic control to account for possible loss due to vaporization, 
evaporation, and adsorption. This non-biological loss were shown to be insignificant.
For the biodegradation of surfactant-laden PPI wastewater, either one of the 
individual surfactants (SDS and Witconol) or a mixture of surfactants (SDS, SDBS, 
Tergitol 15-S-12 and Witconol) were added to the PPI wastewater. For the mixture of 
PPI wastewater with individual surfactants, the mixture was amended with and without 
the nutrients to examine the nutrient effects on biodegradation. The treatments were: 
e). Surfactant + PPI wastewater + BSM + Seed; f). Surfactant + PPI wastewater - 
BSM + Seed; In addition, another treatment with pure surfactant at the same 
concentration was included, that is, g). Surfactant + BSM + Seed. The biodegradation 
of the "mixture" (e) was then compared with the "combined" biodegradation (a + g) 
while the surfactant or the wastewater separately serves as the only carbon source. This 
experiment was designed to determine the possible interactions between surfactants, 
organic contaminants and microorganisms.
The percent biodegradation for the "mixture" interaction was calculated as 
follows:
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(TOC -  TOC )
% Biodegradation = --------—---------— »100 (7.1)
TOC^
The percent biodegradation for the "combined" interaction was calculated as in Eq. 
(7.2) and Eq. (7.3):
A TfiC
% Biodegradation =  *100 (7.2)
T°C0fi + TOCqj
where the change of TOC over time:
A TOC = (TOCQa * TOC0js) -  (TOCtA * T O C J  (7.3)
In Eq. (7.1) to Eq. (7.3), the first subscript denotes the time, and the second subscript 
denotes the treatment as described above.
Measurements of Biodegradation Parameters
Biodegradation was monitored over time by measuring microbial growth, 
surfactant concentrations, foaming potential of residual surfactants, and total organic 
carbon (TOC). Microbial growth was measured by either optical density at 540 nm or 
protein contents (Bio-Rad Detergent Compatible Protein assay, modified from Lowry 
et al., 1951). If optical density was used, the data were corrected from the background 
color absorbance and then correlated with cell mass. Primary biodegradation was 
measured by the methylene blue active substance (MBAS) method for anionic 
surfactants, or the cobalt thiocyanate active substance (CTAS) method for nonionic 
surfactants (APHA/AWWA/WEF, 1992). Foam potential was measured using an 
apparatus modified from Nelson et al. (1961) (see Chapter 5). TOCs were measured 
as total organic carbon (TOC) or dissolved organic carbon (DOC) or both. TOC, 
measured without centrifuging the samples, refers to the sum of DOC and particulate 
(cellular) organic matter (POC). DOCs were measured after samples were centrifuged. 
The difference (TOC - DOC) is directly related to the carbon in the biomass, which is
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used to estimate the contribution of biomass to the total TOC removal. For SDS, 
however, precipitation occurred in the medium. Addition of EDTA was reported to 
overcome the precipitation problem in another biodegradation study (Swisher, 1987), 
but it was not effective in this study possibly due to high concentration of surfactant 
used. Hence, only TOC values are reported for SDS so that the percent biodegradation 
data will not be affected by the formation of precipitates. TOC and DOC are used as 
the gross parameters to represent biodegradation of either surfactants or organic 
co ntaminants in the wastewater. It is a more conservative estimate of biodegradation 
than individual compounds since TOC values decrease only when compounds are 
completely transformed into C02. No effort was made to distinguish the biodegradation 
of surfactants from that of contaminants in the mixture, or to determine degradation of 
specific compounds due to the very complex nature of wastewater from the Superfimd 
site.
Results and Discussion
Biodegradation Potential of PPI Wastewater
Effects of Dilution Ratios 
The toxicity of chemicals in the PPI wastewater is of concern for the success of 
bioremediation, and dilution eases the solution if any toxicity exist. Fig. 7.1 shows the 
growth curves when PPI wastewater serves as the only carbon and energy source (no 
surfactant and other carbon sources added) at two dilution ratios (i.e., 10% and 90% 
wastewater). The wastewaters were inoculated with acclimated seeds and provided with 
mineral nutrients. The growth curves were characterized by much slower growth rates 
over time for about 20 days. The gradual increase in microbial growth over time 
indicated that the acclimated microorganisms are capable of utilizing some organics 
originally present in the PPI wastewater, but the degradation is very slow. This is 
understandable since most of the organics in the wastewater (as shown in Table 7.1) are
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Figure 7.1 Microbial Growth in PPI Wastewater at Low (o) and High Dilution (•) 
(90% =  90 mL PPI Wastewater in 100 mL Medium; 10% = 10 mL 
PPI Wastewater in 100 mL Medium)
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not readily biodegradable. In addition, when compared to unseeded control (data not 
shown), microorganisms in the seeded treatment had an earlier die-off due to the earlier 
consumption of the limited bioavailable substrates in the culture medium. However, PPI 
wastewater at both dilution ratios did not present any apparent toxic effects.
Effects of Nutrient Addition 
Addition of mineral nutrients into the PPI wastewater significantly increased the 
microbial growth as measured by protein content (Fig. 7.2a). This suggests that the PPI 
wastewater is nutrient-limiting and the addition of nutrients (N, P and other minerals) 
is necessary to biotreat the wastewater. The biodegradation is 20% in the absence of 
nutrients, and about a 10% increase in DOC reduction if nutrients were provided (Fig. 
7.2b). Data also showed that the overall percentage biodegradation was low in the time 
span of the experiments, enhanced biodegradation is necessary for bioremediation to be 
a feasible and effective alternative on site application.
Effects of Acclimated Seed 
With nutrients provided in the medium, inoculation with the acclimated seeds 
increased the microbial growth (Fig. 7.2a). Inoculation also increased biodegradation 
by a 10% DOC reduction (Fig. 7.2b). If TOC was measured, the difference in % 
biodegradation between inoculation and without inoculation was much less, indicating 
that the removal of 10% TOC due to inoculation did not result from the removal 
through degradation into C 02, but the removal of microbial cell mass or the adsorption 
of contaminants onto the microbial cells.
Effects of Surfactant Addition 
Surfactants could serve as the readily available carbon source, and addition of 
surfactants into the PPI wastewater significantly increased the microbial growth in the 
mixture (Fig. 7.3a). Increased growth was observed when the concentration was as high
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as 2000 mg/L (i.e., 500 mg/L for each of the surfactant SDS, SDBS, Tergitol and 
Witconol). No inhibitory effects were observed even at such high concentrations of 
surfactants. Furthermore, increasing the initial surfactant concentration accelerated TOC 
reduction (day 3), but no marked difference in TOC reduction occurred on the 13th day 
(Fig. 7.3b). The increased TOC reduction at earlier times could be due to the promoted 
microorganism population in the medium because of higher surfactant concentrations 
being used as carbon source.
Biodegradation of Surfactant-Laden PPI Wastewater
Effects of Nutrients 
If nutrients were not provided, foam degradation and TOC reduction were not 
detected for the mixture of synthetic surfactant (SDS or Witconol) and PPI wastewater, 
although a slightly microbial growth was observed (Fig.7.4, 7.5). For primary 
biodegradation, however, a difference was observed between the mixture of SDS-PPI 
wastewater and the mixture of Witconol-PPI wastewater. No primary biodegradation 
occurred for the SDS-PPI wastewater mixture if BSM was not provided (Fig. 7.4c), but 
significant primary degradation occurred for Witconol (Fig. 7.5c). Witconol may 
undergo structural changes without further break-down into C02, because TOC was not 
significantly reduced. The addition of nutrients significantly promoted microbial growth 
and TOC reduction for both synthetic surfactants (SDS and Witconol). The percentage 
TOC (DOC) degraded were 25% (45%) for the mixture of PPI wastewater and SDS, 
and 50% (70%) for the mixture of PPI wastewater and Witconol. Based on the 
difference between TOC and DOC, it is estimated that about 20% TOC reduction was 
due to the biomass removal or cell adsorption for Witconol - wastewater mixture, and 
20% TOC removal due to biomass, cell adsorption plus precipitation for SDS - 
wastewater mixture.
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Figure 7.5 Biodegradation of Witconol - PPI Wastewater Mixture: (a) Microbial 
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Biodegradation of Combined vs. Mixture
The difference in biodegradation between the "combined" (surfactant or the 
wastewater separately serves as the only carbon source) and that of the surfactant- 
wastewater "mixture" indicates the comprehensive effects due to interactions between 
surfactants, microorganisms and contaminants. These interactions may be either positive 
or negative, including toxicity of compounds or surfactants to microorganisms, with the 
promoted microbial growth due to some nutritional components in the wastewater or 
surfactants being used as a readily available carbon source, and possible surfactant 
enhanced solubility and/or the greater bioavailability of HOCs to the microorganisms 
As shown in Fig. 7.6 and 7.7, microbial growth (as protein content) and TOC 
reduction were greatly enhanced by mixing surfactant and PPI wastewater together. 
About 10% and 50% enhancement were observed for SDS and Witconol, respectively. 
The results showed the absence of toxicity to microorganisms degrading surfactants and 
organic compounds. Also, mutually beneficial effects were found between the 
surfactants and contaminants in the mixture during biodegradation. For up to 50% 
enhancement in biodegradation for the Witconol-PPI wastewater mixture, it is 
reasonable to assume that the presence of nonionic surfactant (Witconol) greatly 
enhanced the biodegradation of contaminants in the PPI wastewater. In contrast, the 
enhancement of surfactant biodegradation by the presence of PPI wastewater was minor 
(only 10%) as discussed below.
Effects of the Presence of PPI Wastewater on the Biodegradation of Surfactants
The effects were based on the decrease in remaining surfactant concentration 
over time between the pure surfactant and the mixture of surfactant and PPI wastewater. 
The initial surfactant concentrations (2500 mg/L) were the same, and the nutrient BSM 
were also identical. Primary biodegradation (expressed as the % surfactant remaining)
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in the absence and presence of PPI wastewater is shown in Fig. 7.8a for SDS 
(measured by MBAS) and in Fig. 7.8b for Witconol (measured by CTAS). The results 
show that the presence of PPI wastewater facilitates the surfactant degradation, with 
about a 10% increase for Witconol and a 20% increase for SDS. Instead of toxic 
effects, it is surprising to note that some components in the wastewater may enhance 
the microbial utilization of surfactants.
Additional experiments were also conducted using mixed surfactants (SDS, 
SDBS, Tergitol and Witconol) to examine the effects of PPI wastewater on microbial 
growth and TOC reduction. Microbial growth in the mixed surfactants (at a 
concentration of 100 mg/L each) and the influence of different amounts of PPI 
wastewater are shown in Fig. 7.9a. The results show that there are no toxic effects of 
contaminants on growth of surfactant-degrading microorganisms when 50% (i.e., 50 
mL wastewater in a total of 100 mL medium) PPI wastewater was in the medium (Fig. 
7.9a). Moreover, increased growth was found at 30% and 50% of the PPI wastewater. 
This is obviously due to the increased amount of carbon available when PPI wastewater 
was increased in the medium. Fig. 7.9b shows the biodegradation of mixed surfactants 
with and without the addition of PPI wastewater. TOC reductions were the same 
between 5% (i.e., 5 mL in a total of 100 mL medium) and 10% PPI wastewater. 
However, when the TOC reductions were compared to that of the control (same 
surfactants but no PPI wastewater added), a 20% increase in TOC reduction was 
noticed.
Conclusions and Implications
Laboratory shaker-flask experiments were conducted to study the biodegradation 
of wastewater collected from a Superfund site, which contains a variety of hydrocarbon 
contaminants. Potential enhancement of biodegradation was studied for the wastewater
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with the amendment of surfactant and nutrients. The following conclusions can be
drawn from this study:
• When PPI wastewater served as the only carbon source, biodegradation with 
acclimated seeds was characterized by a slow process with a low percentage of 
TOC degraded. PPI wastewater is nutrient limited, and addition of nutrient 
media increased TOC reduction by 10%, while inoculation with acclimated 
seeds also improved the percentage of TOC removal by 10%. Addition of 
surfactants into the PPI wastewater as a readily available carbon source 
promoted microbial growth and accelerated the biodegradation process.
• For the mixture of SDS and PPI wastewater, nutrient addition significantly 
increased microbial growth, primary and ultimate biodegradation, and foam 
degradation. No significant degradation occurred if external nutrients were not 
provided.
• For the mixture of Witconol and PPI wastewater, nutrient addition significantly 
increased microbial growth, ultimate biodegradation and foam degradation. 
Primary biodegradation occurred in the absence of nutrients, the addition of 
nutrients only slightly promoted primary biodegradation.
• Compared to the biodegradation of the mixture (surfactant and PPI wastewater) 
with that of "combined" (where surfactant or PPI wastewater separately served 
as the only substrate), synergistic effect on biodegradation was found. The 
enhancements based on TOC reduction were 10% for the mixture of PPI 
wastewater with SDS, and 50% for the mixture of PPI wastewater with 
Witconol.
• The presence of PPI wastewater increased microbial growth and primary 
biodegradation of both SDS and Witconol. Ultimate biodegradation based on
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TOC was increased by approximately 20% in the presence of 5-10% PPI 
wastewater.
•  Mixed surfactants at a total concentration as high as 2000 mg/L showed no 
inhibitory effect on the microbial growth in the wastewater. Also, organic 
contaminants encountered in the wastewater had no apparently toxic effects on 
the surfactant-degrading microorganisms, indicating that microorganisms have 
been well adapted to the toxic chemicals present, or they are below toxic levels 
to the microorganisms.
The results indicated that bioremediation would be greatly enhanced through the 
addition of nutrients for both PPI wastewater and surfactant-laden PPI wastewater. The 
presence of surfactant in the wastewater does not pose toxic effects. In contrast, 
biodegradation enhancement was found in the treatment with surfactant addition, 
especially Witconol. Although it is unknown at this point which organic chemicals were 
biodegraded during the surfactant enhancement, the results are very encouraging. 
Further experiments are needed to monitor and verify individual contaminants during 
the course of biodegradation using GC/MS analysis.
Further studies are also needed to clarify the mechanisms involved in the 
biodegradation enhancement with surfactant. Several researchers have addressed this 
issue on individual contaminants, and their findings were diverse (Arostein et a l., 1991; 
Arostein and Alexander, 1993; Bury and Miller, 1993; Volkering et al., 1995). 
Surfactants could serve as a readily available carbon source and facilitate the 
biodegradation process by increasing microbial population. Surfactants may also 
increase the aqueous solubility of HOCs, which is usually the limiting step for bacterial 
utilization. In the case of actual wastewater containing multiple contaminants, the 
mechanisms may be more complicated. Based on the reviewed literature, this is the first 
report dealing with the effects of surfactants on an actual waste containing various
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
organic compounds. Although the results were obtained in batch laboratory 
experiments, it is possible to use the surfactant enhancement as a strategy for in situ 
biodegradation enhancement using surfactant amendment.
It can also concluded that through the use of appropriately selected surfactants 
in soil washing, bioremediation may be a cost-effective intermediate step between soil 
washing and subsequent treatments. Enhanced biodegradation of certain compounds 
along with the biodegradation of surfactants themselves will increase the overall 
treatment efficiency while keeping surfactant-induced problems at a minimal level, 
allowing other unit processes (e.g., air stripping, activated carbon) to be incorporated 
for further treatment on recalcitrant contaminants. Such recalcitrant contaminants, 
remained in the waste stream due to long half-lives, may require non-biological means 
such as air stripping or activated carbon adsorption that are already in place at the PPI 
site.
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CHAPTER 8 
CONCLUSIONS
Surfactant-based processes are emerging and becoming increasingly important 
in pollution control. A considerable amount of research has shown the promise of 
surfactants for the enhancement of remediation. Based on the types of surfactant 
aggregates, these techniques were classified as enhanced soil washing using micellar 
solubilization and mobilization, micellar enhanced ultrafiltration, foam flotation, 
colloidal gas aphrons, colloidal liquid aphrons and emulsion based absorption.
A literature review indicated that fundamental research is needed to obtain the 
parameters of the predispersed solvent extraction (PDSE) process for its potential 
application in the treatment of an aqueous waste stream. There is generally a lack of 
information about commercial surfactants which is required in screening surfactants for 
remediation, and the development of novel surfactants over synthetic surfactants is also 
in need. There was found to be a lack of research on the overall surfactant-based 
process, for instance, the reuse and treatability of surfactant-laden effluent is of concern 
and the potential enhancement of biodegradation using surfactants is limited in 
background.
PDSE is a promising technique for the treatment of wastewater containing 
hydrophobic contaminants with low aqueous solubilities. Solvent extraction using 
polyaphrons provides enhanced mass transfer (extraction) of solutes through larger 
interfacial areas of micron-sized predispersed solvent. In this study, polyaphrons were 
generated using different cationic, anionic and nonionic surfactants in water and a 
solvent-soluble nonionic surfactant. Kerosene was used as the organic solvent to form 
polyaphrons. A method for measuring size distribution of polyaphrons was developed. 
The following specific conclusions can be drawn on the size distribution, stability and 
flotation characteristics of polyaphrons:
137
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• The size distribution based on volume fraction was found to be bimodal, with 
peak size maxima between 1-3 and 10-30 fim.
• Polyaphrons generated using Brij 35 in water showed the largest average 
diameter while that generated from the anionic SDBS had the smallest average 
diameter. Increasing surfactant concentration of water-soluble surfactant led to 
smaller polyaphrons being generated, but with a broader size distribution 
pattern.
• Polyaphrons dispersed in water are dynamically very stable. Remarkable 
stability was also observed when polyaphrons were stored in a quiescent 
environment. No distinct deterioration in quality was found even after 230 days 
of shelf storage.
• Polyaphrons generated from insufficient amounts of water-soluble surfactant 
were not stable. Freezing can also breakdown the polyaphrons.
• The flotation mechanisms of polyaphrons involves a Coulombic force between 
an oppositely charged collector (CGAs) and a colligend (polyaphrons) species. 
Transport mechanisms and a mathematical model for a continuous countercurrent
PDSE process were established. Batch-scale PDSE experiments were conducted in both 
batch and continuous countercurrent modes to remove a hydrophobic organic dye 
(Solvent Red 27) from water into kerosene. Sodium dodecylbezenesulfonate (SDBS) 
was used as the water-soluble surfactant and Tergitol 15-S-3 as the kerosene-soluble 
surfactant to form polyaphrons. The CGAs were prepared using hexadecyltrimethyl 
ammonium bromide (HTAB) in water by a CGA generator. The following specific 
conclusions can be drawn based on this bench-scale experiment:
• The increased surface area of the predispersed solvent combined with the 
flotation of polyaphrons resulted in good separation efficiencies for a 
hydrophobic organic dye (Solvent Red 27) from aqueous phase into kerosene.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
139
• Provided effective attachment was attained through Coulombic forces, CGAs 
greatly enhanced the rise velocity of dispersed polyaphrons.
•  The duration of flotation as well as the increased aqueous phase retention time 
had a significant effect on the separation, indicating the gradual removal of 
submicron-sized polyaphrons by buoyancy.
• The model predicted that the process efficiency is a function of the flowrates of 
CGAs and polyaphrons relative to the feedwater flow rate, the partition 
coefficient of solute, relative sizes of polyaphrons to CGAs and the attachment 
efficiency of polyaphrons to CGAs.
• The model is quite satisfactory in predicting the PDSE performance. It also 
predicted that small values of the relative size (r/R) and partition coefficient of 
solutes will delay the approach to steady state.
A critical step in almost all surfactant-based remediation technologies is to 
screen and select the best surfactant applicable. An ideal surfactant should have a good 
process related performance (e.g., greatest solubility potential without excessive IFT 
reduction for soil washing process), minimum surfactant induced problems (e.g., 
emulsion, foaming), low cost with minimal surfactant loss (e.g., due to adsorption, 
precipitation), and environmental safety (nontoxic and biodegradable). For this purpose, 
four synthetic surfactants with potential applications in soil washing process, as each 
representative of the major surfactants in the marketplace, were selected and evaluated 
based on foamability and biodegradability under aerobic conditions. Specific conclusions 
from these four commercial surfactants are listed below:
• Surfactant molecules with aromatic ring structures (e.g., SDBS) will 
significantly decrease the biodegradation potential. SDBS at a concentration of 
500 mg/L resisted microbial attack, showing no biodegradation and foam 
degradation during a 3-week period. Surfactant molecules with branched carbon
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chains will lower the biodegradation potential as well, as indicated by the lower 
ultimate biodegradation of LSAE (Tergitol) than that of LPAE (Witconol). 
Anionic surfactants in the category of LPAS (e.g., SDS) formed significant 
amounts of precipitate with cations such as Ca++ and Mg++ in the culture 
medium. Similar precipitation could also occur in a soil washing process, raising 
concern for the cost-effective use of SDS when the soil CEC is high. 
Increasing surfactant concentrations in a certain range significantly increased the 
microbial growth, further increases in surfactant concentration might have 
inhibitory effects on bacterial growth and/or reduced biodegradability for certain 
synthetic surfactants, as indicated by SDS and Witconol at a concentration of 
2500 mg/L.
Primary biodegradation of the test surfactants was closely related to the growth 
of microorganisms. A significant decrease in MBAS occurred within 24 hours 
for SDS, while Tergitol and Witconol showed significant CTAS reductions but 
at slower rates. The magnitude of primary biodegradation for different 
surfactants at concentration of 500 mg/L is: SDS > Tergitol > Witconol > 
SDBS.
Foam threshold concentrations were as low as 1 - 5 mg/L for the surfactants 
tested; Foam potentials increase as concentration increases, as foamabilities of 
different surfactants at same concentrations and constant air rates were in the 
order of SDBS > SDS > Tergitol > Witconol.
Similar to the primary biodegradation, foam degradation was almost complete 
for SDS, significant but incomplete for Tergitol and Witconol at initial 
concentration of 500 mg/L. The magnitude of foam degradation was SDS > 
Tergitol > Witconol > SDBS. No significant foam degradation was observed 
at initial concentrations of 2500 mg/L.
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• For Witconol, SDS and Tergitol at concentrations of 500 mg/L, the ultimate 
biodegradation based on TOC by 16 days were 70%, 6 6 % and 39%,
respectively. Ultimate biodegradation was in the order of Witconol >  SDS >
Tergitol > SDBS; Ultimate biodegradation was significantly reduced at a 
concentration of 2500 mg/L, being only 38% for SDS and 10% for Witconol. 
There has been considerable interest in recent years on the use of novel
surfactants in remediation. A plant based natural surfactant was obtained from the dry 
fruit pericarps of Sapindus mukorossi. The effects of nutrient, inoculation, 
concentration, and the presence of PPI wastewater were studied, and the biodegradation 
was compared with that of synthetic surfactants. The following specific conclusions can 
be made:
• The biodegradation of Ritha had a two-stage pattern.
• Increasing concentration of Ritha solution significantly increased the microbial
growth, no inhibitory effects on microorganisms were observed at 
concentrations as high as 6000 mg/L. Parameters for the Monod model 
were estimated =1.08 hr' 1 and Ks = 1 . 1 2 %).
• The effects of inoculated seeds on microbial growth and TOC degradation were 
insignificant, acclimation is unnecessary for natural biodegradation to occur.
• There was a 20% TOC reduction in the absence of external nutrients, and 
addition of mineral nutrients significantly increased biodegradation as measured 
by microbial growth and TOC reductions. The nutrient effects on biodegradation 
were significant but were less than that of synthetic surfactants. About 65% 
TOC degradation was detected for a 0.6% Ritha solution supplied with basal salt 
medium, 25% of which was through biomass removal or adsorption.
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• Ritha solutions showed a lower foaming potential compared to other 
biodegradable synthetic surfactants at the same concentrations. However, foam 
degradation is poorer than SDS, Tergitol, and Witconol.
•  For the mixture of Ritha and PPI wastewater, nutrient addition significantly 
increased microbial growth and TOC reductions. However, degradation still 
occurred even with no external supply of nutrients.
• Compared to the biodegradation of the mixture (Ritha and PPI wastewater) with 
that of the "combined" (Ritha or PPI wastewater separately serving as the only 
substrate), Ritha did not show any significant biodegradation enhancement. 
The results on the natural surfactant imply that while some synthetic surfactants
may have decreased active concentration in soils due to precipitation, adsorption or 
phase change in the NAPLs, or toxicity and poor biodegradability (e.g., SDBS), natural 
occurring surfactants such as Ritha may show greater potential in remedial use.
Laboratory shaker-flask experiments were also conducted to study the 
biodegradation of wastewater in the absence and presence of surfactants. The 
wastewater was collected from the PPI site, which contains a variety of contaminants. 
Potential enhancements of biodegradation were also studied for the wastewater with the 
amendment of surfactants and nutrients.
• When PPI wastewater served as the only carbon source, biodegradation with 
acclimated seeds was characterized by a slow process and a low percentage of 
TOC degraded.
• PPI wastewater is nutrient limiting, the addition of nutrients increased TOC 
reductions by 10% and inoculation with acclimated seeds improved the 
percentage of TOC removal by 10%.
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The mixture of surfactant (SDS or Witconol) and PPI wastewater is nutrient 
limiting. Addition of nutrients significantly increased microbial growth, ultimate 
biodegradation, and foam degradation.
The addition of surfactants into PPI wastewater as a readily available carbon 
source promoted microbial growth and accelerated the biodegradation process. 
Surfactants enhanced the biodegradation of contaminants in the PPI wastewater. 
The enhancements based on TOC reduction were 10% for the mixture of PPI 
wastewater with SDS, and 50% for the mixture of PPI wastewater with 
Witconol.
The presence of PPI wastewater increased microbial growth and primary 
biodegradation of both SDS and Witconol. Ultimate biodegradation based on 
TOC was increased by 20% with the addition of 5-10% PPI wastewater.
No inhibitory effects on microbial growth were observed from the surfactant - 
PPI wastewater mixture, indicating that microorganisms had been well adapted 
to the toxic chemicals in the wastewater.
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CHAPTER 9 
RECOMMENDATIONS
Based on the findings of this study, the following areas of research are
recommended for future study:
• A hydrophobic organic dye was used in the batch and continuous countercurrent 
column PDSE experiment. Similar experiments should be carried out to obtain 
performance data on different classes of hydrophobic organic compounds such 
as PAHs and chlorinated pesticides. There is a need to develop analytical 
methods measuring these target chemicals in the presence of residual surfactants 
and solvents.
• PDSE processes remove HOCs at the expense of residual surfactants and 
solvents and thereby leading to cloudiness of the effluent. Future research on the 
effectiveness of air flotation or flocculation/flotation using alum to clear the 
PDSE effluent needs to be undertaken.
• The follow-up treatment of the PDSE effluent is another area of future research. 
A simple process such as a sand filter, or retention tank might be viable 
alternatives.
• Future experiments should also extend the PDSE process for the treatment of 
actual wastewater such as the PPI wastewater. A two-stage process (i.e., PDSE 
plus biodegradation) might be appropriate to test its effectiveness and feasibility.
• Only aerobic biodegradation studies were conducted for surfactants and 
surfactant-laden HOCs. It is also essential to obtain biodegradation data under 
anaerobic conditions. Such information is especially important to understand the 
fate of residual surfactants in an anoxic subsurface environment.
» In the study on the biodegradation of surfactant-laden wastewater, only TOC
was measured and used as the gross parameter for biodegradation. Future
144
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research can also be extended to individual compounds in the PPI wastewater. 
A GC/MS method needs to be employed due to a wide variety of chlorinated 
and non-chlorinated contaminants present.
In this study, four commercial surfactants were selected and evaluated based on 
foamability and biodegradability. Future screening tests for surfactant selection 
in remedy use should also incorporate other factors such as solubility potential, 
IFT reduction, desorption, precipitation, etc. A screening protocol using simple 
batch tests ensures a greater chance of success and savings in the remediation 
prior to large-scale applications.
Biodegradation experiments in scaled up reactors are needed so that results 
obtained in the laboratory can be extrapolated with more accuracy into field 
conditions for full-scale in situ or ex situ implementation.
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a surface area of a polyaphron (cm2 )
C solute concentration in the aqueous phase at time r (mol cm'3)
CD drag coefficient
Ce solute concentration in the aqueous effluent (mol ' cm'3)
CF solute concentration in the aqueous overflow (mol cm'3)
Q solute concentration in the aqueous influent feed (mol • cm'3)
cs solute concentration in the organic solvent outflow (mol cm'3)
Csurf solute concentration in surfactant micellar solution (mol L 1)
£ s s percent solute removal from the aqueous phase at steady-state
E(t) percent solute removal from the aqueous phase at time r
f fractional air content of a CGA dispersion (quality parameter)
g gravitational constant (980 cm s'2)
Kd solubilizing capacity of surfactant (mol mol'1)
partition constant for the solute between solvent and water
Ks half saturation constant (mg L 1)
kw mass transfer coefficient for the solute between water and solvent (cm s'1)
n maximum number of polyaphrons that can attach to a CGA
N flux of solute from water to polyaphron (mol s*1)
K dimensionless capillary number
Nqga total number of CGAs introduced into the column at time t
Qc total flow rate of the CGA dispersion (cm3 s'1)
Qc aqueous effluent flow rate (cm3 s' 1 )
Qf aqueous foam overflow rate (cm3 s'1)
Qi aqueous influent flow rate (cm3 s'1)
Qs organic solvent overflow rate (cm3 s'1)
Qw.c flow rate of water from CGA dispersion (cm3 s'1)
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Qw p flow rate of water from diluted polyaphron (cm3 s'1) 
r average radius of a polyaphron (cm)
R average radius of a CGA (cm)
Re Reynolds number
S substrate (surfactant) concentration (mg L 1)
f time (s)
/D doubling time (hr)
v rise velocity of a polyaphron (cm s'1)
v water flow velocity (cm s'1)
V rise velocity of a polyaphron-loaded CGA (cm s ')
7p volume of a polyaphron (cm3)
Vw total volume of water in the flotation column (cm3)
x bacterial cell mass (mg mL'1)
7 interfacial tensions (dyne cm'1)
f  time constant for the PDSE process (s'1)
t) impaction factor of polyaphrons to a CGA
fi specific growth rate (h r1)
fj. absolute viscosity (dyne s cm'2)
[Ajiiax maximum specific growth rate (hr1)
v kinematic viscosity of water (m2 s'1)
pa density of air (g cm'3)
pw density of water (g cm'3)
ps density of organic solvent kerosene (g • cm'3)
<f> soil porosity
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